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ABSTRACT OF THE DISSERTATION 

 

Bone Morphogenetic Protein Signaling Directs  

Neural Development in the Dorsal Spinal Cord  

 

 

by 

Madeline Andrews 

Doctor of Philosophy in Neuroscience 

University of California, Los Angeles, 2017 

Professor Bennett G. Novitch, Chair 

 

 

The dorsal horn of the spinal cord is responsible for integrating, processing and relaying 

sensory information from the external environment to other parts of the nervous system. During 

neural development six distinct populations of sensory interneurons (INs), which process the 

sensory input from the periphery, arise in the dorsal spinal cord. The Bone Morphogenetic 

Proteins (BMPs), which are expressed in the adjacent roof plate (RP) at the dorsal midline of 

the spinal cord, are both necessary and sufficient for the appropriate development of these cell 

types. However, the mode by which the BMPs specify each of these distinct dorsal IN 

populations has been unclear.  

The aim of this research is to illuminate the mechanism(s) directing BMP signaling 

activity in the specification of neuronal identity in the developing dorsal spinal cord. In the scope 

of this work we have assessed the role of several components of the BMP signaling pathway, 

the different BMP ligands expressed in the spinal cord, the receptors that these ligands bind to 
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 and the downstream second messengers, the Smad proteins, that interpret these signals to 

regulate transcription. The goal of this work is to understand how the BMP signaling pathway 

directs neuronal identity and early circuit formation, both to better understand these processes 

in normal development and to inform future research aiming to co-opt these mechanisms for 

spinal repair.  
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CHAPTER 1—INTRODUCTION 

 

1-1: Overview of spinal cord organization and function 

The spinal cord and brain comprise the central nervous system (CNS) and are 

collectively responsible for cognition, movement, emotion, sensation, respiration, behavior, and 

many other processes vital to life. Although the spinal cord is less structurally complex than the 

brain, it is an extremely important part of CNS. The main function of the spinal cord is to receive 

and process incoming sensory information from the peripheral nervous system and execute 

motor output in response1-3 (Fig. 1-1 A). Different classes of sensory peripheral neurons from 

the dorsal root ganglion (DRG) synapse onto sensory interneurons (INs) in the dorsal horn of 

the spinal cord to relay sensory information4,5 (Fig. 1-1 B). The various populations of DRG cells 

perceive distinct types of sensory information and target specific locations within the dorsal 

spinal cord for synapse formation corresponding to the type of sensory input.  

In the adult spinal cord, the dorsal horn is organized in a laminar architecture6 where the 

seven layers in the dorsal and intermediate spinal cord process the many different types of 

sensory information1,7,8. Information about nociception (pain)9-11 or thermosensation 

(temperature) are processed in the most superficial layers of the horn, layers I-II12,13. 

Somatosensation (touch) is processed in the intermediate layers, III-IV14, and proprioception, or 

perception of where your body resides in space, is processed in the deep horn, layers V-VI15-18 

(Fig. 1-1 B). Although the transcriptional identities and functional characteristics of the 

interneuron subpopulations present in each laminae are still being characterized in the 

adult14,19,20, the type of information processed in each domain is generally understood.  

In the case of spinal cord injury (SCI), where the cord has been completely transected, 

both sensory and motor circuits are destroyed. Due to a lack of functional redundancy in the 

cord a severe injury of this type renders the patient unable to move or feel below the site of 

injury. The loss of motor function is extremely devastating and many groups are investigating 
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the mechanisms driving motor neuron formation using stem cells and then evaluating the 

efficacy of cellular replacement strategies in an effort to restore motor function21-25. Less often 

addressed, however, are the devastating consequences that spinal injury has on sensory 

function. Patients are unable to perceive normal sensation below the site of injury and are 

therefore at risk for additional physical trauma. For example, SCI patients are more likely to 

suffer from severe burns due to the inability to feel their limbs. Additionally, many patients suffer 

from chronic pain due to the disruption of pain processing circuitry after their sensory nerves are 

damaged26,27. Finally, the emotional devastation of being unable to feel the touch of loved ones 

adds to the severe psychological toll of SCI. At present there is little research working toward 

the restoration of sensory function in SCI patients and improving the quality of life for these 

patients is desperately needed. 

 One therapeutic strategy is to replace the cells lost after injury with newly differentiated 

spinal neurons that have been directed toward specific fates using embryonic stem cells 

(ESCs). However, to work toward cellular replacement of these populations we must first 

understand how these neurons are specified during development. Although the mechanisms 

driving spinal motor neuron differentiation are largely understood, the mechanisms driving the 

specification of the sensory spinal interneurons are not. The goal of my dissertation research is 

to better understand how the most-dorsal populations of sensory INs in the spinal cord are first 

specified and then guided to form connections in embryogenesis.  

 

1-2: Spinal cord development  

The developing spinal cord has a relatively simple architecture making it a good model 

system to evaluate the cellular mechanisms that are vital to appropriate development, such as 

cellular patterning and axon guidance.  

 

Patterning in the developing spinal cord  
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During embryogenesis, after closure of the neural tube, progenitor cells within the 

ventricular zone (VZ) proliferate by migrating medially and laterally as they divide (Fig. 1-2 B). 

Inductive signaling molecules released from adjacent structures, such as the Bone 

Morphogentic Proteins (BMPs) from the roof plate (RP), Sonic Hedgehog (Shh) from the floor 

plate (FP) and retinoic acid (RA) from the somites in the paraxial mesoderm, direct the identities 

of these proliferating cells28 (Fig. 1-2 A). The different inductive signals pattern distinct domains 

of progenitors along the dorsal-ventral axis of the spinal cord by activating specific subsets of 

neural genes. Upon neurogenesis, these progenitors exit the cell cycle and migrate to the lateral 

edge of the spinal cord29,30 where the many different neuronal populations are aligned (Fig. 1-2 

B-C).  In the dorsal spinal cord there are six distinct classes of progenitors, the dorsal progenitor 

(dP) 1-6 populations that differentiate into the dorsal interneuron (dI) 1-6 populations (Fig. 1-2 

C)29. In the ventral spinal cord there are five distinct cell types, the ventral (V) populations, 0-3, 

including the motor neurons (MNs)28. Each neuronal population is distinguished by its 

expression of a distinct subset of transcription factors which appear to guide their position, 

development and later connectively and function1 (Fig. 1-1).  

 

Axon guidance in the Developing Spinal Cord 

Axon guidance is how a neuronal projection moves through its environment, which is an 

important aspect of early circuit formation. The growth cone, at the distal end of the axon, 

navigates through the developing CNS and responds to attractive and repulsive cues31,32. These 

environmental signals guide axons to their appropriate cellular targets for synaptogenesis. In the 

spinal cord there are both ipsilaterally projecting association neurons and contralaterally 

projecting commissural neurons28,33,34 (Fig. 1-2 D). In the dorsal spinal cord the dI1 population 

of commissural neurons are a useful population to study the mechanisms directing axon 

guidance because of their stereotyped trajectory.  The commissural neurons extend axons 

ventrally toward the FP, cross to contralateral side of the FP and then project rostrally toward 
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the brain15,18,35. By better understanding how the projecting commissural axons are affected by 

cues in the spinal cord, such as the BMPs, we can work toward a more complete understanding 

of the principles by which axons perceive molecular signals from their environment. Additionally, 

we can assess how such cues direct attraction, repulsion or cytoskeletal reorganization of the 

growth cone and the consequences that manipulating these cues has upon circuit formation.  

 

1-3: Inductive signaling in the developing spinal cord  

The developing spinal cord is a good model system to study inductive signaling as it is 

structurally simple and there are a discrete number of cues that cells are responding to within 

this environment. The main signaling pathways known to be involved in spinal cord 

development are the Shh, BMP and Wnt pathways.  

 

Shh acts as a morphogen in ventral patterning 

During neural tube formation the notochord, which resides ventral to the spinal cord, 

expresses a single signaling molecule called, Sonic Hedgehog (Shh). Shh protein from the 

notochord induces formation of the FP at the ventral pole of the spinal cord36. After FP 

induction, it also secretes Shh and is responsible for the specification of neuronal identity in the 

ventral spinal cord by acting as a morphogen37,38 (Fig. 1-2 A). A morphogen is defined as a 

concentration-dependent signal where the total concentration of ligand a cell is exposed to 

determines its identity39,40. High concentrations of Shh specify the ventral-most identities in the 

spinal cord and low concentrations specify more intermediate cell types38. The activity of Shh in 

the ventral spinal cord is a classic example of a morphogen and this model of specification 

activity has also been proposed for other signaling pathways28. The morphogen model of 

patterning is hypothesized for the dorsal spinal cord as well, where members of the Wnt and 

BMP family of signaling molecules reside.   
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Wnt signaling in dorsal proliferation  

Two members of the Wnt family of signaling molecules are expressed in the RP, Wnt1 

and Wnt3a41(Fig. 1-2 A). When either is genetically ablated, there is no effect on dorsal IN 

development. However, when both genes are knocked out together in a Wnt1;Wnt3a double 

mutant there is a significant reduction in the dI1 and dI3 populations. The progenitor 

populations, dP1 and dP2, which become the most-dorsal neuronal populations, also appear to 

be depleted42. Importantly, Wnt1 and Wnt3a have been shown to act as mitogens in the 

developing spinal cord; when either is misexpressed there is an increase in the number of cells 

in the synthesis (S) phase of the cell cycle43. Collectively, this evidence suggests that Wnts act 

as proliferative signals in the context of the dorsal spinal cord. The Wnts are required to 

appropriately proliferate the dorsal progenitors and without their mitogenic activity the total 

number of differentiated neurons are depleted. Therefore, Wnt1 and Wnt3a are primarily 

understood to act as proliferation signals, rather than patterning ones, that are not directly 

responsible for the specification of neuronal identity in the dorsal spinal cord.  

 

BMP signaling in dorsal patterning  

Multiple members of the BMP family of signaling molecules are expressed in the RP and 

dorsal spinal cord including BMP4, BMP5, BMP6, BMP7 and Growth Differentiation Factor 

(GDF7)44-46. However, its unclear how the many different BMPs work together to specify the 

development of the dorsal IN populations, the dI1-6s. By analogy with the morphogen model 

established by the activity of Shh in the ventral spinal cord37,47 the BMPs have been proposed to 

act together to collectively establish a morphogen gradient48. When naïve chicken neural tissue 

explants were cultured with BMP4 conditioned medium the explants treated with media 

containing higher concentrations of BMP4 directed more dI1s than dI3s. This result suggested 

that the highest concentration of BMPs directed the most-dorsal IN population consistent with 

the morphogen model44. Another study demonstrated that when chicken neural explants were 
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cultured with BMP4 over different durations of time it changed the IN identity specified49. The 

explants that were cultured for shorter periods of time, mimicking a lower concentration of 

signal, were directed toward the dP2 progenitor population, while explants cultured for a longer 

time became the more dorsal dP1s. The results of this study suggest that an accumulation of 

BMP signaling over time directs progressively more dorsal spinal identity. Collectively, these 

experiments provide some evidence that there may be a concentration-dependent and timing-

dependent component to the specification activity of the BMPs.  

However, there are many different BMP ligands present in the dorsal spinal cord and it is 

unclear how these proteins would cooperate to form a collective morphogen gradient. An 

alternative hypothesis to the morphogen model is that distinct BMP ligands have particular 

specification activities. Previous studies have also provided evidence for a signal-specific model 

where a particular dorsal IN population requires a distinct BMP protein for their specification. 

When GDF7 is genetically ablated from the RP in the developing mouse spinal cord there is a 

subsequent loss of a dI1 subpopulation46. Additionally, when BMP7 is deleted in the chicken or 

mouse spinal cord there is a depletion in a subset of dorsal INs, the dI1, dI3 and dI5 

populations50. This evidence supports the hypothesis that rather than BMPs acting as 

concentration-dependent morphogens, particular BMP ligands have unique activities.  

 

BMP signaling in axon guidance 

 BMPs expressed in the RP also play a role in axon guidance in the developing spinal 

cord. In vitro RP explants have chemorepellent activity orienting commissural axons away from 

the explant. This repellent activity can be blocked by inhibition of the BMP signaling pathway51 

suggesting that the BMPs are the source of these chemorepellent signals. In the mouse spinal 

cord several BMPs, BMP6, BMP7 and GDF7 are all expressed in the RP during commissural 

axon extension46. When evaluated for their ability to orient commissural axons only a single 

homodimer, BMP7, was sufficient to repel axons45 demonstrating BMP ligand specificity in 
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commissural axon extension. Additionally, BMP7 and GDF7 were found to heterodimerize in 

this context and the GDF7::BMP7 heterodimer improved upon the ability of BMP745 to repel 

axons. This result suggests a role for both homodimers and heterodimers in BMP-mediated 

regulation of axon guidance in the dorsal spinal cord. Additionally, there is specificity in the 

ability of the BMP receptors to mediate axon guidance decisions. The BMP type I receptor 

(BmprI) b, is the only type I receptor required for normal axon extension52. There is significant 

evidence that specific components of the BMP signaling pathway regulate axon guidance in the 

dorsal spinal cord and by more thoroughly examining aspects of BMP signaling we can better 

understand the mechanisms guiding early circuit formation in the developing spinal cord.  

 

1-4: BMP signaling pathway  

BMP signaling is required for many aspects of embryonic development and has been 

shown to regulate many different developmental processes including dorsal-ventral axis 

formation, cell division, apoptosis, proliferation, cell migration, cell survival and 

differentiation39,53-56. In order to understand how BMP signaling directs neuronal identity and 

axon guidance in the developing spinal cord, it is important to evaluate the different components 

of the signaling pathway (Fig. 1-3).   

 

BMP proteins 

The BMPs are a family of signaling molecules within the larger Transforming Growth 

Factor (TGF) β superfamily. Both BMP and TGFβ molecules are synthesized as large precursor 

proteins that are cleaved into mature proteins upon secretion. BMPs and TGFβs have similar 

crystal structures where a cysteine knot motif forms an intermolecular bridge to link two 

monomers into a dimer, forming both homo and heterodimers57. However, the BMPs are unique 

from the TGFβs in their size; the BMPs have seven cysteine residues in their C-terminus 

whereas TGFβs have nine cysteines in the same location58,59. Although structurally similar, the 
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BMPs activate different effector molecules; both the receptors they bind to and the intracellular 

second messengers they activate are unique from the TGFβ proteins.  

 There are approximately 30 members of the BMP family of signaling molecules that are 

expressed in different species throughout development54. Although the BMPs were first 

discovered and named for their ability to induce bone and cartilage formation60 they are also 

required for appropriate development of the limb, eye, forebrain and kidney61-64.  While there are 

many members of the BMP family of signaling molecules and a different complement of BMP 

proteins are required for the development of each of these organs, the ligands relevant to my 

studies on dorsal spinal cord development are BMP4, BMP7, BMP6, BMP5 and GDF7.  

 

BMP receptors  

The BMP ligands bind to a complex of serine/threonine kinase receptors called the BMP 

type I and type II receptors65 (Fig.1-3). There are multiple BMP type I receptors (BmprI) 

including BmprIa (Alk3), BmprIb (Alk6) and Activin A receptor, type I (Alk2)59,66. The BMP 

ligands preferentially bind to the type I receptor, which then recruits the constitutively active 

BMP type II receptor56. The type II receptor transphosphorylates the type I receptor which 

subsequently activates the intracellular Smad proteins via phosphorylation.   

 

Smad proteins  

 The Smad proteins are the intracellular mediators of canonical BMP signaling. Smads 

are divided into three basic groups: the receptor (R) activated, the inhibitory (I) and common 

mediator (Co) Smads65. Upon BMP type I receptor transphosphorylation, the receptor then 

phosphorylates, and thereby activates, the R-Smads (Fig. 1-3). The BMP-specific R-Smads are 

Smad1, Smad5 and Smad8. Upon phosphorylation of the R-Smad, it complexes with Co-Smad4 

to form a heterotrimeric structure containing two R-Smads and one Smad4 molecule59. This R-

Smad/Co-Smad complex is then shuttled into the nucleus where it regulates transcription. The I-
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Smads, Smad6 and Smad7, are involved in the negative regulation of BMP signaling (Fig. 1-

3)55,67. Smad6 competitively binds to phosphorylated R-Smads to inhibit Co-Smad4 from 

complexing with them. Smad7 competitively binds to activated BMP type I receptors to inhibit 

phosphorylation of R-Smads. Additionally, both I-Smads, Smad6 and Smad7, have been 

implicated in regulating BMP receptor degradation by promoting ubiquitination in conjunction 

with another inhibitory molecule, Smuf167.  

 Together the different components of the BMP signaling pathway work to direct 

appropriate embryonic development. The goal of my work is to better understand how the 

different BMP ligands, type I receptors and R-Smad proteins mediate dorsal spinal 

development, evaluating their effects on cell fate specification and axon guidance.  

 

1-5: Strategies to evaluate the role of Bmp signaling in spinal cord development  

 In order to evaluate the roles of the different components of the BMP signaling pathway 

on dorsal spinal cord development we employed a variety of techniques. We utilized both in vivo 

and in vitro analyses and multiple model organisms to more thoroughly probe the mechanisms 

by which BMPs direct neuronal specification and axon guidance.  

 

Chicken in ovo electroporation  

 The chicken embryo is a very tractable model system to study embryology as it develops 

in an egg external to the mother’s body. Normal development can be observed in vivo, the 

developmental stage can be predicted based on environment temperature and extrinsic 

manipulations during embryogenesis are simpler than in mammalian models68. Chicken 

embryos have been utilized in many seminal developmental biology studies on body axis 

formation, egg cleavage, cellular fate mapping, limb bud initiation, neural crest migration, 

skeletal development as well as many other developmental processes69-76. Chicken in ovo 

electroporation is particularly powerful, as the shell can be opened at a relevant stage in 
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development, a genetic manipulation made and then embryonic development continued in vivo 

to observe the consequences later in development77. Due to its accessibility and the ability to 

transfect genes of interest in vivo we decided to use chicken in ovo electroporation for our 

studies assessing how the BMPs and Smads affect dorsal spinal cell fate.   

 

Mouse embryonic stem cell differentiation  

 The identification of embryonic stem cells (ESCs) and their pluripotent potential was a 

seminal discovery in developmental biology and regenerative medicine. ESCs are made from 

the inner cell mass of the developing blastocyst and can be cultured over many passages 

maintaining pluripotency78,79. Upon introduction to developmental factors they can be 

differentiated into any cell linage in the body. We utilized an ESC differentiation paradigm to 

better understand the role of the BMPs in the development of spinal neurons. We co-opted a 

spinal motor neuron (MN) differentiation protocol21 which directs ESCs toward a spinal neural 

identity using retinoic acid (RA) addition. RA is secreted from the paraxial mesoderm in the 

developing embryo (Fig.1-2 A) and in vitro it promotes neural induction of the cells and drives 

them toward a caudal CNS identity80,81. ESCs are differentiated in suspension and self 

aggregate to form large clusters of cells called embryoid bodies (EBs).  Rather than using 

ventral signals to direct MNs, as in Wichterle 2002, we use these spinal-directed EBs to probe 

the effects of specific BMP proteins on the specification of dorsal interneuron identity.  

 

Mouse genetics  

 Mice are an excellent model system to study mammalian genetics. The genome of mus 

musculus is fully sequenced, mice are anatomically and physiologically similar to humans and 

genetic manipulations are relatively simple making them a popular model system in biomedical 

research. As the complete mutants are embryonic lethal we utilized conditional knockouts of the 

R-Smads, Smad182 and Smad583, to assess the requirement for these genes in dorsal spinal 
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development. By using a neural tube-specific Cre-driver, Brn4,84 we selectively deleted the R-

Smad of interest when Brn4 is expressed at embryonic (E) day 9.5. We then assessed how the 

conditional deletion of the R-Smads affects dorsal spinal cord fate and axon guidance.  

 

1-6: Summary  

 Understanding the role of BMP signaling in spinal cord development is important as we 

know relatively little about the mechanisms guiding the formation of dorsal neurons and their 

circuits. Without a better understanding of how dorsal INs are directed in embryonic 

development there is little informing how to approach repair of these populations post-injury or 

disease. In the following chapters I describe my research evaluating the roles of BMP signaling 

in spinal cord development.  

 In chapter 2 I assess the role of the different BMP ligands in the specification of the 

dorsal IN populations in the developing spinal cord. I find that the different BMP ligands have 

specific activities on progenitor patterning and dorsal IN differentiation. Rather than the BMPs 

working as morphogens in a concentration-dependent manner, each BMP has a unique activity. 

BMP4 and BMP7 have specific activities on IN identity and appear to direct identity by their 

differential regulation of cell cycle maintenance. BMP4 promotes differentiation of dorsal 

neurons, while BMP7 promotes progenitor patterning. The distinct activities of the different 

BMPs are mediated through different type I receptors.   

In chapter 3 we assess the role of the Smad proteins in dorsal spinal development. We 

find that the R-Smads, Smad1 and Smad5, are expressed in distinct locations of the developing 

spinal cord.  Corresponding to their unique expression patterns, the R-Smads also have distinct 

activities in dorsal spinal cord development. Smad5 is required for appropriate dorsal IN 

specification of the dI1 and dI3 population. Smad1 is required for appropriate axon guidance of 

the commissural dI1 population.  
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In appendices 1-3 I discuss data that is not essential to the scientific conclusions made 

in chapters 2 and 3 but provides details about the techniques used in these studies and 

suggests future directions for this line of research. In appendix 1 I characterize the expression of 

BMPs in our in vivo and in vitro studies from chapter 2. In appendix 2 I character the expression 

of the R-Smads in our studies and discuss other in vivo and in vitro experiments that add to the 

findings on the R-Smads from chapter 3. In appendix 3 I discuss an experiment evaluating the 

relationship between BMP and Wnt signaling in dorsal spinal development.  

In chapter 4 I summarize the findings from my dissertation work and evaluate potential 

implications for this basic research on future studies utilizing ESCs as well as the promise of cell 

transplantation therapies for treatment of SCI.  
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FIGURES 

Figure 1-1  

 

Figure 1-1: Organization of the adult spinal cord  

(A-B) Schematics of the adult spinal cord organization and function (modified from Lai et al., 

2016)1. 

(A) Sensory information from the peripheral nervous system, is sent into the dorsal horn of the 

spinal cord, processed by the interneurons within the spinal cord and relayed to motor neurons 

which execute a motor response according to that information.  
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(B) The adult spinal cord is organized in a laminar architecture6, where there are seven distinct 

layers. Incoming sensory information is sent to the layer corresponding to the type of 

information being processed1. Through fate mapping, genetic and connectivity studies the 

general function and location of the dorsal IN populations in adulthood have been 

identified1,3,7,11,15,17-19,85,86.  
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Figure 1-2 

 

Figure 1-2: Spinal cord development  

(A-D) Schematics describing several principles of neuronal development in the spinal cord 

(modified from Tanabe & Jessell, 1996)28.  

(A) Inductive signaling centers adjacent to spinal progenitors signal to pattern the identity of the 

cells. Sonic Hedgehog (Shh) is secreted from the notochord and floor plate (FP) to pattern the 

ventral spinal cord37,38. BMPs and Wnts are expressed from the roof plate (RP) to pattern the 
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dorsal spinal cord43,44,87. Retinoic acid (RA) is secreted from the somites in the paraxial 

mesoderm to specify axial level80,81.  

(B) During early spinal cord development the proliferating progenitors migrate along the medial-

lateral axis as they undergo cell division.  

(C) In response to inductive signals progenitors are patterned into distinct domains within the 

ventricular zone (VZ) along the dorsal-ventral axis28. As progenitors differentiate they exit the 

cell cycle and migrate to the lateral edge of the spinal cord. The spinal cord is divided into 

distinct progenitor and neuronal domains48. The dorsal spinal cord has six distinct interneurons 

(IN) populations, the dI1-629 and the ventral spinal cord have five distinct neuronal populations, 

the V0-3 IN populations and the spinal motor neurons (MNs)88.  

(D) Different populations of neurons have distinct trajectories for circuit formation28. The 

commissural (c) neurons project from the dorsal spinal cord to the FP, cross it and project 

rostrally to the brain. The association (a) neurons mediate signaling within the spinal cord and 

synapse onto other interneuron populations to relay sensory information. The premotor (pm) 

and motor (m) neurons process information to direct movement88.  
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Figure 1-3  

 

Figure 1-3: BMP signaling pathway  

 Schematic of BMP signaling (modified from Balemans et al 2002)65. BMP dimers bind to a 

complex of type I and type II receptors which phosphorylate receptor (R) activated Smads 1, 5 

and 859. R-Smads complex with Co-Smad4 and enter the nucleus to regulate transcription89. 

Inhibitory (I) Smads 6 and 7 negatively regulate the signaling pathway by competitively binding 

with other components of the signaling pathway67.  
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CHAPTER 2—BMPs direct sensory interneuron identity in the developing 

spinal cord using signal-specific rather than morphogenic activities 

 

Abstract 

Inductive signaling by the Bone Morphogenetic Protein (BMP) family is 

reiteratively required to direct progenitors towards different cellular fates throughout 

embryonic development. In the spinal cord, multiple BMPs are secreted from the roof 

plate to specify different populations of sensory interneurons (INs) in the adjacent dorsal 

tissue. However, the mode by which the BMPs direct IN identity remains unresolved. 

Previous studies have suggested that the BMPs act as concentration-dependent 

morphogens, analogously to the manner in which sonic hedgehog specifies neural 

identities in the ventral spinal cord. However, it was unclear how multiple BMPs could 

cooperate to establish a unified morphogen gradient. Here we provide support for an 

alternative model, that BMPs have signal-specific activities directing particular IN fates. 

Using in vitro and in vivo methods in chicken and mouse models, we show the identity of 

the BMP ligand, rather than its concentration, directs a species-specific range of dorsal 

spinal identities. Specific BMPs promote progenitor patterning or neuronal differentiation 

by their activation of different type I BMP receptors resulting in distinct modulations of 

the cell cycle. Together, this study provides insight into the mechanisms by which a “mix 

and match” code of BMP signaling results in distinct classes of sensory INs. 

 

This chapter is modified from:  

Andrews, M.G., Del Castillo, L., Ochoa-Bolton, E., Yamauchi, K., Smogorzewski, J., and 

Butler, S.J. (2017) BMPs direct sensory interneuron identity in the developing spinal cord 

using signal specific rather than morphogenic activities (in review at eLIFE).   
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INTRODUCTION 

A common theme in organ development is the existence of signaling centers: 

restricted sources of inductive growth factors that pattern the identity of surrounding 

tissues. A notable example of this mechanism is found in the developing spinal cord, 

which contains two signaling centers, the floor plate (FP) at the ventral midline and the 

roof plate (RP) at the dorsal midline1. The FP secretes sonic hedgehog (Shh), which has 

been proposed to act as a morphogen to specify neuronal identity2. In this model, neural 

progenitors adopt their specific identities in response to the local concentration of Shh, 

which depends on their positions with respect to the FP. Progenitors immediately 

adjacent to the FP become the ventral-most interneurons (INs), while cells progressively 

further away are specified as motor neurons, and multiple classes of ventral INs, 

respectively2. More recent studies have suggested that Shh acts as a temporal 

morphogen, such that progenitor identity also depends on the duration of exposure to 

Shh3,4. Together, these studies have been highly influential, both demonstrating that Shh 

functions as a textbook example of a morphogen and providing a mechanism by which 

inductive signaling centers may generally work. 

 The RP secretes two families of growth factors, the Bone Morphogenetic Proteins 

(BMPs)5 and Wnts6. Wnts are thought to act as mitogens, generally promoting dorsal 

progenitor proliferation7, while the BMPs have been proposed to act as morphogens, 

patterning dorsal progenitors in a concentration dependent manner similar to Shh8. 

Studies examining the loss9-12 or gain13-16 of BMP signaling in vivo have shown that BMP 

signaling is critical for the formation of the dorsal interneuron (dI) 1, dI2 and dI3 classes 
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of sensory neurons. However, there has been only limited evidence that the BMPs act as 

morphogens in vertebrates. Experiments analogous to those performed for Shh, 

demonstrated that conditioned medium from BMP4-tranfected COS cells was sufficient 

to specify dI1s in chicken neural plate tissue explants17. However, treatment of these 

explants with diluted BMP4-conditioned medium was not particularly effective at inducing 

dI3s, the predicted result if BMP4 functions as a morphogen. A more recent study18, 

suggested there is a temporal component to BMP4 signaling, such that the length of 

exposure to BMP4 “dorsalizes” progenitor identity in chicken neural plate explants. 

However, it was not determined how this manipulation affected post-mitotic neural 

identity. 

 Moreover, none of these studies addressed a key difference between signaling in 

the RP and FP: there are multiple members of the BMP family present in the dorsal 

spinal cord, including BMP4, BMP5, BMP6, BMP7 and Growth/Differentiation Factor 

(GDF) 7 (BMP12). It has remained unresolved how these different factors might 

cooperate to establish a unified morphogen gradient. An alternative model is that 

different BMPs have signal-specific effects, such that individual BMPs are responsible 

for the induction of particular neural fates8. Supporting this hypothesis, loss of function 

mutations in Gdf7 specifically ablate the Lhx2+ dI1A subpopulation in mouse10, leaving 

the other dI populations intact. Similarly, knocking down Bmp4 expression in the chicken 

reduces the number of dI1s, while the loss of Bmp7 was unexpectedly shown to reduce 

the number of dI1s, dI3s and dI5s12. These findings support the hypothesis that different 

BMPs have non-redundant functions specifying dorsal cell fates, however they also 

contradicted previous analyses of Bmp7-/- mice that found no alterations in the number of 

dI1 or dI3s10,19. Additionally, none of these studies evaluated the role of BMP 

concentration directing dorsal cell fate in vivo or resolved mechanistically how different 

BMPs might direct dorsal progenitors towards specific fates. 
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In this study, we have used in ovo electroporation of chicken spinal cords and 

mouse embryonic stem cell (mESC) cultures to methodically determine how the 

complement of dorsally expressed BMPs specifies neuronal identity. Both our in vivo 

and in vitro approaches support the model that the identity of the BMP ligand, rather its 

concentration, can direct a unique, and species-specific, range of dorsal cellular 

identities. We find that specific BMPs can promote either progenitor patterning or 

neuronal differentiation, possibly by their distinct modulations of the cell cycle. 

Furthermore, the ability to promote patterning or differentiation is mediated through 

activation of different type I BMP receptors (Bmprs). Together, this study provides insight 

into the mechanism by which a “mix and match” code of BMP signaling results in the 

formation of the RP itself, and three distinct classes of sensory INs. 
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MATERIALS AND METHODS  

In ovo electroporation of chicken embryos: For effective expression in chicken 

embryos, mouse Bmp4, Bmp5, Bmp7 and Gdf7 inserts19 were subcloned in front of the 

CAG enhancer in the CAGGS-IRES-Gfp (pCIG) vector7. The CAG enhancer is 

comprised of a CMV enhancer and chicken β-actin promoter20. The Bmpr complex was 

inhibited by expressing dominant negative (dn) type I Bmprs under the control of the 

chicken β-actin promoter21. In these constructs, the intracellular domain of the type I 

Bmpr was replaced with GFP. 

Fertile White Leghorn eggs (McIntyre Poultry & Fertile Eggs, Lakeside, CA) were 

incubated for 60 hours until the embryos developed to HH stages 14-15. The spinal cord 

was electroporated13 and then allowed to develop for 48 hours until HH stages 24-26. 

The following constructs were used: pCIG vector (1 µg/µl), CAG::Bmp4-IRES-Gfp (50 

ng/µl, 500 ng/µl), CAG::Bmp7-IRES-Gfp (50 ng/µl, 500ng/µl), CAG::Gdf7-IRES-Gfp 

(500ng/µl) and CAG::Bmp5-IRES-Gfp (500ng/µl), β-actin:: dnBmprIa-Gfp (1µg/µl) and β-

actin::dnBmprIb-Gfp (1µg/µl). In all cases, the presence of GFP demonstrates the 

electroporation efficiency. To alter the concentration of Bmp expression: 50ng/µl of the 

CAG::Bmp4 expression vector was diluted with 450ng/µl of the pCIG vector, to hold the 

DNA concentration constant across experiments. Bmp electroporation does not 

generally induce the expression of other Bmps. Rather, only the expression of the 

electroporated Bmp is upregulated (APPENDIX 1—Fig. 1). For the cell cycle 

experiments, a pulse of BrdU (5’-bromo-2’deoxyuridine) was added to chicken embryos 

30 minutes prior to dissection22. 

Note that the electroporation efficiency was variable across experiments, 

resulting in some variation in the increases in cell numbers observed between 

experiments.  However, the trend was always consistent for each BMP.  High BMP 

concentration (>500ng/µl), coupled with efficient electroporation could result in severe 
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morphological changes, including the widening of the ventricle, thinning and elongating 

of the electroporated side of the spinal cord and the formation of a large tumorous ball of 

Lhx1/5+ cells in the ventral spinal cord (see Supplemental Fig. 2-7 for examples).  

Quantification:  The non-electroporated side of the spinal cord was not used as 

the negative control in cell-counting experiments, because Bmp misexpression affected 

patterning on both sides of the spinal cord, most notably for the dP1 and dI1 populations 

(compare Fig. 2-5 H-J). Thus, the cell number on the electroporated side was 

normalized against a Gfp control electroporation performed at the same time.  However, 

for the quantification of pSmad1/5/8 and Sox2 intensity, control and experimental 

embryos were stained on separate slides, requiring the mean intensity of the 

electroporated side to be normalized to the non-electroporated side of the same spinal 

cord after subtracting the background. Thus, these fold increases may be under-

representative. Both cell numbers and staining intensity was quantified using the ImageJ 

software. All statistical analyses were performed using a two-tailed Student’s t-test.  

 

Immunohistochemistry: Chicken embryonic spinal cords and mouse embryoid bodies 

(EBs) were thin-sectioned to yield 20µm and 12µm sections respectively. Antibodies 

against the following proteins were used for immunostaining:  

Goat: Sox2, 1:2000 (Santa Cruz Biotechnology); Pax3, 1:500 (R&D Systems); Rabbit: 

Lhx2/9, 1:1,00017; Mafb, 1:250 (Novus Biologicals); Pax2, 1:500 (Invitrogen); 

pHistoneH3, 1:1000 (Cell Signaling); C-terminal phosphorylated Smad1/5/8, 1:1000 (gift 

from Ed Laufer9); GFP, 1:4000 (Invitrogen); Mouse: Lhx1/5, 1:20 (Developmental 

Studies Hybridoma Bank); Isl1/2, 1:100 (Santa Cruz); p27, 1:500 (BD Biosciences); 

Guinea Pig: Bhlhb5, 1:100023, Tlx3, 1:200, (gift from Thomas Müller24) Rat: BrdU, 1:2000 

(Harlan Sera-Lab Ltd.). Species appropriate Cyanine 3, 5 and Fluorescein conjugated 
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secondary antibodies were used (Jackson ImmunoResearch Laboratories).  Images 

were collected on Carl Zeiss LSM700 and LSM800 confocal microscopes.  

 

In Situ Hybridization: In situ hybridizations were performed on chicken (HH stage 14-

26) and mouse (E9.5-10.5) embryonic spinal cords. 3’UTR probes were designed using 

http://primer3plus.com and verified for specificity to the gene of interest using 

http://www.ncbi.nlm.nih.gov/tools/primer-blast/. 

 

Chicken primer sequences:  

Bmp4: forward primer (with T7 polymerase site) 5’- TAA TAC GAC TCA CTA TAG GGG 

CTA CCA GGC GTT TTA CTG C -3’ and reverse primer (with GAG and T3 polymerase 

site) 5’- GAG ATT AAC CCT CAC TAA AGG GAT TTT CAG CAC CAC CTT GTC A -3’ 

Bmp7: forward primer (with T7 polymerase site) 5’- TAA TAC GAC TCA CTA TAG GGC 

AAA TGT GCC TCA GTT CCA A -3’ and reverse primer (with GAG and T3 polymerase 

site) 5’- GAG ATT AAC CCT CAC TAA AGG GAG CGA GAA AAG CTA ACC CTT G -3’  

Bmp5: forward primer (with T7 polymerase site) 5’- TAA TAC GAC TCA CTA TAG GGC 

TTG CTG ATG AGA AGG CAG TT -3’ and reverse primer (with GAG and T3 

polymerase site) 5’-GAG ATT AAC CCT CAC TAA AGG GAG CAG TTA CAG AAG TTC 

CGG AGT-3’ 

Bmp6: forward primer (with T7 polymerase site) 5’-TAA TAC GAC TCA CTA TAG GGT 

AAA ATG CGA CCC TAT GCT G-3’ and reverse primer (with GAG and T3 polymerase 

site) 5’-GAG ATT AAC CCT CAC TAA AGG GAA GGG ACC CAA AAG ATT TGC T-3’  

Atoh1: forward primer 5’- CAG AGT TTC CGT TGC CCA GA -3’ and reverse primer 

(with GAG and T3 polymerase site) 5’- GAG ATT AAC CCT CAC TAA AGG GAT TGG 

CTG GGC TAA AAT TCA AAT -3’ 

Ascl125 and Ngn126 in situ probes were made from linearized plasmids. 
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Mouse primer sequences:  

Bmp4: forward primer (with T7 polymerase site) 5’ -TAA TAC GAC TCC TAT AGG GGC 

TAC CAG GCG TTT TAC TGC -3’ and reverse primer (with GAG and T3 polymerase 

site) 5’- GAG ATT AAC CCC ATA AAG GGA TTT TCA GCA CCA CCT TGT CA-3’ 

Bmp7 forward primer (with T7 polymerase site) 5’- TAA TAC GAC TCA CTA TAG GGG 

GAA GCA TGT AAG GGT TCC A -3’ and reverse (with GAG and T3 polymerase site) 5’ 

-GAG ATT AAC CCT CAC TAA AGG GAA GGC TTG CGA TTA CTC CTC A -3’  

Bmp5 forward primer 5’- TAA TAC GAC TCA CTA TAG GGT GCT GAT GAG AAG GCA 

GTT C -3’ (with T7 polymerase site) and reverse (with GAG and T3 polymerase site) 5’- 

GAG ATT AAC CCT CAC TAA AGG GAG CAG TTA CAG AAG TTC CGG AGT -3’ 

Bmp6 forward primer (with T7 polymerase site) 5’- TAA TAC GAC TCA CTA TAG GGT 

AAA ATG CGA CCC TAT GCT G -3’ and reverse (with GAG and T3 polymerase site) 5’- 

GAG ATT AAC CCT CAC TAA AGG GAA GGG ACC CAA AAG ATT TGC T -3’ 

Probes were made using a DIG RNA labeling kit (Roche).  Images were collected on a 

Carl Zeiss AxioImager M2 fluorescence microscope with an Apotome attachment. 

 

Mouse embryonic stem cell culture: mESCs were grown on irradiated mouse 

embryonic fibroblasts and maintained in a proliferative state using Leukemia inhibitory 

factor in an embryonic stem cell media. mESCs were differentiated in suspension  to 

form EBs27. 1µM retinoic acid (RA) was added to the media at day 1 of differentiation to 

direct cells toward a spinal neural identity28. 24 hours later, BMP recombinant proteins 

(R&D Systems; Invitrogen) were added to the media to direct EBs toward a dorsal 

identity. BMP addition did not necessarily result in an increase in expression of that 

particular BMP (APPENDIX 1—Fig. 2). EBs were collected at day 9 for the 

concentration-comparison experiments, or every 3 days from day 0 to day 15 for the 



35 

time-course experiments. EBs were either fixed with 4% PFA and processed for 

immunohistochemistry or RNA was extracted (Qiagen RNeasy kit) for qRT-PCR.  

We assessed whether either the timing of RA and BMP addition, or manipulation 

of the Wnt and Shh signaling pathways, improved our ability to produce more dorsally 

directed EBs. However, modifying the timing of RA and BMP addition had no effect on 

axial level or progenitor/IN identity (Supplemental Fig. 2-S3 A-B). Similarly, neither 

altering Wnt signaling nor inhibiting Shh signaling had an effect on the efficiency of 

dorsal IN differentiation (Supplemental Fig. 2-S3 C-E). Results from in vivo studies 

suggest that BMP signaling negatively regulates Wnt signaling, which may explain its 

inability to affect dorsal IN identity after BMP addition to mESCs (see APPENDIX 3—

Fig. 1).  

 

qRT-PCR experiments: RNA collected from EBs was reverse transcribed to make 

cDNA (Superscript III kit, Invitrogen). cDNA was analyzed for gene expression using 

quantitative (q) PCR. qPCR was performed on a Roche 480 Lightcycler using Roche 

enzymatic reagents (SYBR green I Master mix). Primers were designed using the qPCR 

setting on http://primer3plus.com and verified for specificity using 

http://www.ncbi.nlm.nih.gov/tools/primer-blast/ (see Supplemental Table 3). Relative fold 

change in expression was calculated using the 2(-ΔΔC(T)) method29 comparing the gene 

of interest to the control housekeeping gene, Glyceraldehyde 3-phosphate 

dehydrogenase (GapDH).  

 

Mouse primer sequences are as follows:  

GapDH: Primer sequence from30 

Msx1: forward primer 5’- GTG CAG AGG CCA AGA GAT TT -3’ and reverse primer 5’-

TCT GGT CTC CTT CAG CCT CTA -3’  
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Lhx2: forward primer 5’- CAG CTT GCG CAA AAG ACC -3’ and reverse primer 5’- TAA 

AAG GTT GCG CCT GAA CT -3’ 

Foxd3: forward primer 5’- CCC CAA CAC TGA CCA ACA G -3’ and reverse primer 5’- 

GTT TGC TCC GCC AGC TTA -3’ 

Isl1: forward primer 5’- AGG ACA AGA AAC GCA GCA TC -3’ and reverse primer 5’- 

TTC CTG TCA TCC CCT GGA TA -3’;  

Pax2: forward primer 5’- AAA CGC GAG GAA GAT GTG TC -3’ and reverse primer 5’- 

AAA GAC TCG ATC CAG AGC TTC C -3’ 
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RESULTS 

Timeline of BMP expression in chicken embryos during neurogenesis 

Multiple BMPs are present in the dorsal spinal cord10,17, and BMP signaling has 

been shown to be critical for dorsal spinal identity9,11. However, the mechanism(s) by 

which different BMPs act to direct distinct dorsal IN identities remain unresolved. To 

address this question, we assessed the timing by which different BMPs are expressed in 

the chicken spinal cord17, with respect to markers of dorsal patterning. Pax3, one of 

earliest general markers of dorsal spinal identity31, is expressed in all dorsal progenitors 

in the ventricular zone (VZ), prior to Hamburger-Hamilton (HH)32 stage 14 (Fig. 2-1 A). 

Dorsal INs arise 12-24 hours after the onset of Pax3 expression. For the dorsal 

interneuron (dI) 1s, Atoh1, which defines the dorsal progenitor (dP) 1 domain33, is 

expressed by HH stage 18 (Fig. 2-1 G), and dI1s start to be born at the brachial levels at 

the same stage (arrow, Fig. 2-1 K). In contrast, Ascl1 expression, which defines the 

dP3-5 domain34, starts at HH stage 16 (Fig. 2-1 N), but is not robust until HH stage 21 

(Fig. 2-1 P), when the first post-mitotic dI3s are born (arrows, Fig. 2-1 T). 

Of the BMPs known to be expressed in the chicken spinal cord17 only Bmp4 and 

Bmp7 are expressed in the dorsal spinal cord before the onset of dorsal neurogenesis. 

Bmp7 expression starts immediately prior to HH stage 15 (Fig. 2-1 Y), and is maintained 

in both the RP and the dorsal-most progenitors (arrows, Fig. 2-1 Z-B’), while Bmp4 is 

expressed specifically in the roof plate (RP) by HH stage 17 (arrows, Fig. 2-1 V). Bmp5, 

Bmp6 and Gdf7 are not expressed in the dorsal spinal cord at early stages 

(Supplemental Fig. 2-S1 A, B, E, F and data not shown). Many of the Bmps are 

subsequently expressed in the ventral spinal cord by HH stage 24 (Fig. 2-1 X, B’, 

Supplemental Fig. 2-S1 D, H). Together, this timeline (Fig. 2-1 C’) suggests that BMP4 

and BMP7 are the relevant BMPs that direct the specification of the dorsal INs in the 

chicken embryonic spinal cord.  
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Bmp4 and Bmp7 direct different dorsal spinal fates in vivo  

We next assessed how the BMPs act to direct dorsal IN identity by ubiquitously 

mis-expressing Bmp4 and Bmp7 throughout the chicken spinal cord by in ovo 

electroporation. We electroporated at HH stage 15, immediately prior to dorsal 

progenitor patterning (Fig. 2-1 C’), and examined the consequence to dorsal cell fate 

two days later, at HH stage 25. During neurogenesis, the six dorsal progenitor domains, 

dp1 - dp6, differentiate into distinct populations of sensory INs, including dI1 - dI6 (Fig. 

2-2 A)1. These populations can be distinguished by their different complements of 

transcription factors (Fig. 2-2 B-C).  

Electroporation of either Bmp4 or Bmp7 results in high levels of phosphorylated 

(p), activated Smad1/5/835 on the electroporated side of the spinal cord (Fig. 2-2 E, F, 

V), showing that both of these BMPs upregulate the BMP signaling pathway compared 

to control electroporations. However, BMP4 is far more effective, upregulating 

pSmad1/5/8 levels by ~65%, compared to ~30% for BMP7. Moreover, the ectopic 

expression of the two Bmps have different consequences for dorsal IN identity. Both 

BMP4 and BMP7 can increase the numbers of RP, dI1 and dI3 cells, however they do 

so to markedly different extents. Bmp7 is most effective at increasing the number of 

Mafb+ RP cells, (Fig. 2-2 G-I, V), while Bmp4 most effectively increases the number of 

Lhx2/9+ dI1s (Fig. 2-2 J-L, V) and Isl1+ dI3s17 (Fig. 2-2 P-R). Only Bmp4 is sufficient to 

increase the number of Lhx1/5+, Pax2- dI2s17,36 (Fig. 2-2 M-O). While the more-ventral 

dorsal IN populations have been shown to be independent of RP-signaling37, we found 

that misexpression of Bmp7 can modestly decrease the number of Pax2+ dI4s38,39. 

These results suggest that BMPs direct dorsal patterning in a signal-specific manner. 

Supporting this model, the misexpression of Bmp5 and Gdf7 also affects dorsal IN 
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identity in a signal-specific way (Supplemental Fig. 2-S2). Thus, each BMP has a 

unique range of effects on the specification of dorsal IN populations in vivo.  

 

BMPs direct different dorsal spinal fates in vitro  

A different complement of BMPs is present in the dorsal spinal cord in mouse 

embryos, including BMP5, BMP6, BMP7 and GDF7 (Supplemental Fig. 2-S1 I-P)10, 

compared to the chicken, suggesting that the code of BMPs that specifies dorsal spinal 

identity differs in different species. We addressed this question by assessing whether 

different BMPs can direct mouse embryonic stem cells (mESCs) towards specific dorsal 

IN identities. This approach also allowed us to determine the role of different BMPs on 

naïve tissue with minimum complication from endogenous signaling factors. We 

established a directed differentiation protocol for dorsal spinal identity by modifying the 

protocol used to differentiate mESCs into spinal motor neurons40. Aggregated mESCs, 

or embryoid bodies (EBs), were treated with different BMP recombinant proteins, in 

addition to retinoic acid (RA) (Fig. 2-3 A). This protocol directs EBs toward a Tuj1+ 

Hoxc8+ caudal cervical/rostral thoracic spinal identity (Fig. 2-3 B-F)41.  

Similar to our observations in vivo, we found that each BMP has a unique range 

of effects on the differentiation of sensory INs in vitro. Thus, BMP6 most effectively 

drives the expression of Msx1, a RP marker, while BMP4 most effectively directs 

mESCs to express Lhx2, a marker of dI1s. All BMPs tested can direct mESCs towards 

Isl1+ dI3s (Fig. 2-3 G). However, BMP7 protein had only a modest effect on dorsal IN 

identity in this assay (Fig. 2-3 G-H), supporting previous analyses10,19 and suggesting 

that mouse BMP6 is the functional analog of chicken BMP7 in this context. Moreover, no 

BMP was found to direct mESCs towards the Foxd3+ dI2 population, even when we 

tested a number of different combinations of BMPs, including a mixture of “all” BMPs 

(i.e. BMP4, BMP5, BMP6, BMP7 and GDF7) (Supplemental Fig. 2-S4). Nonetheless, 
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these studies support the model that the BMPs have different effects directing the 

differentiation of the dorsal spinal IN populations, and that these activities are not 

necessarily evolutionarily conserved between species. 

 

The BMPs do not act as morphogens to direct dorsal spinal IN identity either in 

vivo or in vitro  

Previous studies have suggested that the BMPs act as either a spatial17 or 

temporal18 morphogen to pattern dorsal spinal identity, largely by analogy with Shh 

patterning of the ventral spinal cord42. The canonical spatial morphogen model predicts 

that a high concentration of BMPs directs the dorsal-most spinal identities, while 

progressively lower concentrations of BMPs would specify the dI2s, and then dI3s. In 

contrast, the temporal morphogen model predicts that the length of exposure to BMPs 

should be critical, with a given concentration of a BMP specifying first the dI3s, and then 

the dI1s over time. However, if BMPs rather act in a signal-specific manner, then a 

particular BMP ligand should direct the same range of cellular identities regardless of 

concentration.  

We evaluated these models in both our in vivo and in vitro model systems. We 

lowered the level of induced BMP4 signaling in vivo by in ovo electroporating a 1:9 

mixture of the CAG::gfp and CAG::Bmp4 vectors into chicken embryos. The “low” BMP4 

condition resulted in ~15% increase in pSmad1/5/8 signaling, compared to the ~40% 

increase seen for the “high” BMP4 condition, where we electroporated an equivalent 

concentration of the CAG::Bmp4 vector alone. (Fig. 2-4 A-C, J). Strikingly, the low and 

high concentrations of Bmp4 were able to direct the same range of cellular fates: both 

conditions resulted in increased numbers of dI1s, dI2s and dI3s (Fig. 2-4 D-I), although 

the effect was always smaller for “low” BMP4 compared to “high” BMP4 (Fig. 2-4 J). 

Thus, lower levels of BMP4 did not promote a more ventral-dorsal identity as predicted 



41 

by the morphogen model. Rather, concentration appears to control the efficiency by 

which BMP4 can direct the same range of cell fates.  

We more rigorously assessed the ability of BMPs to act as spatial morphogens in 

vitro by determining whether altering the concentration of BMP4, BMP5, BMP6 or BMP7 

can direct EBs towards different dorsal spinal fates. Using a 0.15ng/ml - 20ng/ml 

concentration range, we again observed that the concentration of a given BMP controls 

the efficiency by which it drives its specific range of cellular identities (Fig. 2-4 K). 

Specifically, BMP4 can direct EBs to express Lhx2 (dI1) and Isl1 (dI3), and increasing 

the concentration of BMP4 drives EBs to express progressively higher levels of both 

Lhx2 and Isl1. Similarly, increasing BMP6 levels results in progressively higher levels of 

Msx1 and Isl1 suggesting that “high” BMP6 concurrently directs more cells to become 

RP and dI3s (Fig. 2-4 K). In no case do we observe that low versus high concentrations 

of BMPs can direct the ventral-dorsal versus dorsal-most cellular identities predicted by 

the spatial morphogen model. We further considered whether our data fit with the 

proposed temporal model18, which predicts that prolonged BMP signaling should direct 

more dorsal identities. However, we found no evidence that changing the length of time 

that EBs are exposed to BMPs led to progressive dorsalization (Supplemental Fig. 2-

S5). Thus, our studies support a signal-specific model where each BMP ligand can direct 

progenitors towards a unique range of dorsal spinal identities. 

 

BMP4 and BMP7 have differential effects on dorsal progenitor identity in vivo  

We next started to examine the mechanistic basis by which BMP4 and BMP7 

direct distinct dorsal spinal identities in chicken embryos. We first assessed how broadly 

Bmp4 or Bmp7 misexpression affects neural development by examining their effect on 

Sox2+ progenitors43 and p27/Kip1+ differentiated neurons44 (Fig. 2-5 A-C). Neither Bmp4 

nor Bmp7 misexpression changed the ratio of Sox2+ progenitors to p27/Kip1+ neurons 



42 

(Fig. 2-5 A-C, G), although the spinal cord was generally more elongated after Bmp4 

expression (Fig. 2-5 B, G). However, Bmp4 misexpression most significantly (p<1x10-5) 

diminished the intensity of Sox2 in dorsal progenitors (bracket, Fig. 2-5 B, G), 

suggesting that progenitor identity is being eroded, perhaps because the cells are 

preparing to differentiate. 

We then looked more specifically at the ability of BMP4 and BMP7 to mediate 

dorsal progenitor identity, at HH stage 20, a day after electroporation. Ectopic 

expression of either Bmp4 or Bmp7 increased the size of the Pax3+ dorsal progenitor 

domain by ~60% (Fig. 2-5 D-G). However, the two BMPs had markedly different effects 

on individual progenitor identities within this domain. Bmp7 had the most dramatic effect 

on the size of the Atoh1+ dP1 domain (Fig. 2-5 J), with a smaller effect on the Ascl1+ 

dP3-5 domain (Fig. 2-5 S) and no effect on the Ngn1+ dP2 domain (Fig. 2-5 P). In 

contrast, Bmp4 can increase both Atoh1+ dP1 and Ascl1+ dP3-5 domains (Fig. 2-5 I, R), 

but markedly decreases the size of the Ngn1+ dP2 domain (Fig. 2-5O). Taken together, 

these results suggest that the ability of BMP4 and BMP7 to instruct specific ranges of 

dorsal spinal fates stems from their differential effects on dorsal progenitors.  

 

BMP4 and BMP7 differentially affect cell cycle dynamics in dorsal spinal 

progenitors  

Based on previous studies showing that BMPs can regulate proliferation and 

neurogenesis45,46, we hypothesized that the differential effects of BMP4 and BMP7 on 

dorsal progenitors arise from BMPs having distinct effects on progression through the 

cell cycle. A progenitor-patterning factor might speed up cell cycle transitions, whereas a 

differentiation factor might promote cell cycle exit. Using BrdU as a marker for cells in 

synthesis (S) phase47, we found that misexpression of Bmp7, but not Bmp4, can 

decrease the number of BrdU+ cells in the dP1 and dP2 domains (Fig. 2-6 A-I, M). In 
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contrast, ectopic expression of both Bmp4 and Bmp7 increases the number of 

pHistoneH3+ cells i.e. cells in mitosis (M)-phase48 (Fig. 2-6 J-L, N). Thus, BMP4 and 

BMP7 have different effects on the cell cycle: BMP7 can simultaneously decrease the 

number of cells in S-phase and increase the number of cells in M-phase, consistent with 

shortening the length of cell cycle. In contrast, BMP4 specifically increases the number 

of dividing cells, possibly promoting cell-cycle exit. 

Taken together, the differential abilities of BMPs are most consistent with both 

BMP7 and BMP4 driving progenitor patterning, while only BMP4 can directly promote 

neuronal differentiation (Fig. 2-6 O, APPENDIX 1—Figure 3). We assessed this model 

by examining the timing by which Bmp4 or Bmp7 expression can direct dI1 

differentiation. Both Bmps can increase the size of the dP1 domain, 24 hours post-

electroporation (Fig. 2-5 T), and the numbers of dI1s, 48 hours post-electroporation, with 

BMP4 exerting the largest effect (Fig. 2-2 V). However, only the misexpression of Bmp4 

results in increased dI1 differentiation within 24 hours after electroporation (Fig. 2-5 L, 

T). Thus, only BMP4 appears able to instruct endogenous progenitors to differentiate as 

dI1s, while BMP7 increases the number of dI1s as a secondary consequence of 

promoting increased dP1 patterning. Collectively these studies demonstrate that the 

BMPs have signal-specific effects on progenitor patterning and differentiation, which 

may be mediated by regulating cell cycle dynamics. Supporting this model, the 

misexpression of either Bmp5 or Gdf7 also uniquely affects the patterning of dorsal 

progenitors and their progression through the cell cycle (Supplemental Fig. 2-S6).  

 

Different BMP type I receptors mediate the activities of the BMPs 

Finally, we assessed whether the distinct effects of these BMPs on dorsal spinal 

neurogenesis are a consequence of differential signaling through distinct receptor 

complexes. The BMPs bind to a complex of type I and type II BMP receptors (Bmprs). 
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Previous studies have suggested that the BMP type I receptors, BmprIa (Alk3) and 

BmprIb (Alk6), are expressed in progenitors and neurons respectively and mediate 

different aspects of embryonic development 13,49. We confirmed that the type I Bmprs 

have similarly distinct distributions in the developing chicken spinal cord. BmprIa is 

expressed in progenitors prior to HH stage 18 and remains restricted to the VZ (Fig. 7A-

B). In contrast, BmprIb expression starts later than BmprIa and is expressed in both 

progenitor and neuronal domains by HH stage 24 (Fig. 2-7 C-D). 

To assess the effects of BmprIa and BmprIb on dorsal IN identity, we 

electroporated dominant negative forms of the type I Bmprs 21 into chicken embryos. 

Both dnBmprIa and dnBmprIb were able to block the formation of Lhx2/9+ dI1s and Isl1+ 

dI3s (Fig. 2-7 E-G). However dnBmprIb was significantly (p<1x10-5) more effective at 

reducing the number of dI1s (Fig. 2-7 K) and was the only BmprI that decreases the 

number of Lhx1/5+ Pax2- dI2s (Fig. 2-7 J-K). Thus, dnBmpIb appears to block the dorsal 

IN populations specified by BMP4, whereas dnBmprIa may be blocking the activities 

mediated by BMP7. We further assessed this possibility in both our in vivo and in vitro 

model systems. We performed a rescue experiment in vivo, to determine whether it was 

possible to overcome the receptor blockade with co-electroporation of either BMP4 or 

BMP7. Supporting our hypothesis, we found that increasing the levels of BMP4 are able 

to fully rescue the effects of dnBmprIa, but not dnBmprIb (Fig. 2-7 L), i.e. BMP4 is able 

to circumvent blocking BmprIa, possibly by activating endogenous BmprIb, but BMP4 is 

not able to circumvent the effect of inhibiting BmprIb. The results with BMP7 are less 

clear-cut, however the specificity does appear to be reversed: high levels of BMP7 are 

only able to fully rescue the effects of dnBmprIb. 

We also assessed whether the differentiation activity of BMP4 or BMP6, which 

has comparable activities to chicken BMP7 for mESCs, could be blocked by inhibiting 

different type I receptors in our mESC in vitro assay. We used two BMP receptor 
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inhibitors, dorsamorphin and LDN-19318950, which inhibit BmprIa at low concentrations, 

but only block BmprIb at 5- to 10-fold higher concentrations51,52. Low concentrations of 

both inhibitors were effective at blocking the activities of BMP6 directing either Msx1 or 

Lhx2 expression (Fig. 2-7 M-N). In contrast, it took 5 to 10-fold more of either inhibitor to 

block the activities of BMP4 (Fig. 2-7 N). These studies provide strong support for a 

model in which BmprIa mediates the activities of BMP6, while BmprIb mediates BMP4 

signaling. Together, our in vivo and in vitro analyses demonstrate that different BMP 

ligands to act through distinct type I receptors to mediate their specific differentiation 

activities.  
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DISCUSSION 

BMPs have distinct roles directing dorsal spinal fates 

We have methodically tested the ability of the dorsal complement of BMPs to 

direct dorsal spinal fates. The identity of BMPs present in the dorsal-most spinal cord 

differs between species. We have confirmed that BMP4 and BMP7, but not BMP5, 

BMP6 and GDF7, are present in the chicken dorsal spinal cord, whereas a larger 

complement of BMPs, including BMP5, BMP6, BMP7 and GDF7, but not BMP4, are 

present in the early mouse spinal cord. Using in vivo and in vitro approaches, we have 

shown that each BMP has a unique range of cellular activities directing dorsal fates, 

resulting in a “mix and match” code of BMP signaling specifying four classes of dorsal 

cell types (Fig. 2-7 O-R). In our model, BMP6 (mouse) and BMP7 (chicken) are the most 

effective at directing RP identity through the BmprIa receptor (mouse) (Fig. 2-7 O). Both 

BMP4 and BMP7 can promote dP1 patterning through BmprIa or BmprIb (chicken), but 

only BMP4 directs progenitors to differentiate as dI1s through BmprIb (mouse and 

chicken) (Fig. 2-7 P). BMP4 also specifically directs dI2 differentiation in chicken, 

thereby depleting the pool of dP2s (Fig. 2-7 Q). All BMPs tested in both species, 

including BMP4, BMP5, BMP6 and BMP7, can act though either BmprIa or BmprIb to 

promote the dI3 fate (Fig. 2-7 R). Our studies also show that the BMPs do not direct the 

dI4-dI6 fates (Fig. 2-2 V and data not shown). While BMP7 can promote the dI1 and dI3 

fate, we find no evidence that it also directs the dI5 fate as previously suggested12. 

Rather, these studies concur with our earlier finding that BMP signaling must be 

suppressed for the ventral-dorsal fates to be realized53. 

While BMPs clearly have distinct activities encoding dorsal fates, there is 

generally no single function for any particular BMP. Rather, each BMP can specify 

multiple dorsal cell types, while markedly differing in the effectiveness by which they 

induce a given fate. These overlapping activities of the BMPs may explain why it has 
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been challenging to dissect the signal-specific differences between the BMPs using loss-

of-function approaches. For example, both BMP4 and BMP7 are required to specify the 

dI1s in chicken12. However our sufficiency experiments have shown that BMP4 more 

effectively directs the dI1 fate than BMP7 (Fig. 2-2 V) and identified a mechanism to 

explain the difference between their activities (Fig. 2-7 P). In our model, both BMP7 and 

BMP4 can induce progenitors to become dP1s, but only BMP4 can direct progenitors to 

differentiate as dI1s. Thus the larger increase in the dI1 population observed after Bmp4 

electroporation stems from BMP4’s ability to promote both dP1 patterning and dI1 

differentiation (Fig. 2-2 V). In contrast, the smaller increase in the number of dI1s seen 

after Bmp7 electroporation may result from the ectopic dP1s being directed to 

differentiate by endogenous BMP4. We did identify an activity unique to a BMP: BMP4 

can drive some progenitors, including the dP2s, to directly differentiate as dI2s in 

chicken. This is a profound activity, which can lead to the depletion of dP2s (Fig. 2-5 O) 

and the formation of a large mass of Lhx1/5+ dI2-like cells (Supplemental Fig. 2-S7 D-

F). Our studies find that the location of progenitors along the dorsal-ventral axis 

determines their response to BMP4: thus, the dorsal-most progenitors can receive both 

patterning and differentiation cues from BMP4, whereas BMP4 can only direct the more 

ventral-dorsal progenitors to a dI2 fate. This result in turn suggests that HH stage 15 

dorsal progenitors are not equivalently competent; rather they have been positionally 

subdivided by an earlier patterning event. 

 

The BMPs do not function as morphogens in the spinal cord  

The defining characteristic of a morphogen is that it patterns cellular identity in a 

concentration-dependent manner. The BMPs have been widely assumed to pattern the 

dorsal spinal as a morphogen gradient by analogy with Shh signaling in the ventral 

spinal cord. Recent studies in both Drosophila54,55 and the developing telencephalon56 
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have provided support that BMPs can act as morphogens. However, we found no 

evidence for this model in the spinal cord, either in our in vivo or in vitro studies. The 

spatial morphogen model predicts that the highest concentration of BMPs should specify 

dI1s, while a lower concentration specifies the dI2s or dI3s. We rather found that 

increasing the concentration of BMPs increased the efficiency by which they directed 

their range of cellular identities, rather than changing their identity. 

The temporal morphogen model predicts that prolonged exposure to BMPs 

dorsalizes neural fates over time. We found no evidence for this model in our in vitro 

studies with mouse cells (Supplemental Fig. 2-S5). The situation in vivo is more 

nuanced. A previous study found that naïve progenitors in HH stage 10 neural fold 

explants were progressively dorsalized when cultured with BMP418. However, the 

competence of progenitors to respond to the BMPs appears to have changed by HH 

stage 15 (~12 hours later), our electroporation time point, and the period when BMP 

expression begins in the chicken spinal cord (Fig. 2-1 U-B’). By this later stage, dorsal 

and ventral-dorsal progenitors show differential competence in their ability to respond to 

BMP4. We find that while BMP4 can have prolonged, reiterative effects on progenitors, 

first patterning dorsal progenitors as dP1s, and then driving dI1 differentiation, BMP4 

does not change the underlying positional information that directs progenitors towards a 

dI1 or dI2 fate. 

How widely will the BMP-signal-specific model be applicable?  Many other organ 

systems require multiple BMPs for their development. For example, BMP2, BMP3, 

BMP4, BMP5 and BMP7 are expressed in the developing kidney57. When two of these 

BMPs, BMP2 and BMP7, were assayed for their ability to induce renal branching, only 

BMP7 was sufficient to do so58. Similarly, many BMPs, including BMP2, BMP4 and 

BMP7, are expressed in the developing tooth59 and eye60. In the skeletal system, only 

GDF6 (BMP13) and GDF7, and not BMP2, have the ability to induce tendon 
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differentiation61. Thus, the presence of multiple BMPs in overlapping and/or adjacent 

locations is a general feature of organogenesis, making it feasible that BMPs will have 

signal-specific activities directing cell fate in other systems. 

 

Different BMP signaling components mediate the ability of the BMPs to promote 

patterning or differentiation  

Our studies suggest a model where BMPs mediate their signal-specific activities 

by activating distinct type I Bmprs in progenitors, to permit differential progression 

through the cell cycle. This model concurs with previous studies demonstrating that 

BmprIa and BmprIb translate distinct BMP activities during development. In the early 

embryo, activation of BmprIa can promote progenitor proliferation while BmprIb drives 

differentiation and apoptosis49. Both BmprIa and BmprIb direct cell fate specification in 

the spinal cord15, but only BmprIb is required to translate the guidance activities of the 

BMPs13. This study refines our understanding of how the type I Bmprs direct dorsal 

spinal cell fate, by showing that BmprIa can translate the patterning activities of one set 

of BMPs (BMP5, BMP6, BMP7), while BmprIb promotes differentiation after activation by 

BMP4. The mechanisms by which activation of distinct BMP receptor complexes 

promote distinct effects are not known. The role of the Smad complex, the canonical 

second messenger for BMP signaling62, remains unresolved. Our previous studies have 

demonstrated that Smad5 is the key Smad protein required for specification of cell fate9. 

Here, we show that each BMP can activate Smad1/5/8 to different levels, with BMP4 

and BMP5 most effectively increasing pSmad1/5/8 (Fig. 2-2 E and Supplemental Fig. 

2-S2 B). However, a specific level of pSmad5 does not appear to encode a specific cell 

fate, as predicted from the graded distribution of pSmad1/5/8 in the tissue immediately 

adjacent to the RP9 (Fig. 2-2 D, APPENDIX 2—Fig. 2). Thus, while the electroporation 

of both Bmp7 and [low] Bmp4 results in similarly low levels of pSmad1/5/8 (Fig. 2-2 F, V 



50 

and Fig. 2-4 B, J), these manipulations do not result in similar patterning activities. 

Future studies will evaluate whether the type I Bmprs differentially regulate the ability of 

Smad5 to turn on the specific genes involved in neurogenesis and/or cell cycle control.  

Our studies support the model that an output of differential BMP signaling is the 

regulation of the cell cycle. There is precedence for this model: previous studies have 

shown that GDF11 (BMP11) can inhibit progenitor proliferation in the olfactory 

epithelium,63,64 while it promotes cell cycle exit in the developing spinal cord46. Thus, 

GDF11 regulates the cell cycle in a manner consistent with promoting differentiation. 

Similarly, BMP4, but not BMP7, can promote neurogenesis in the olfactory epithelium45. 

We find that the patterning BMPs, (BMP5, BMP7 and putatively BMP6), have similar 

effects on progression through the cell cycle, which are distinct from the differentiation 

BMP, BMP4. It remains to be determined whether this mechanism is causal, for example 

whether the alterations in the cell cycle direct patterning, or a consequence of a 

patterning activity. 

 

BMPs can direct stem cells towards dorsal spinal identities 

Finally, these studies have implications for the development of stem-cell 

replacement therapies to repair the spinal cord. The spinal cord is particularly vulnerable 

to injury, given the lack of functional redundancy with other structures. To date, 

significant progress has been made deriving ventral motor neurons from stem cells to 

permit the recovery of coordinated movement27,65. However, relatively limited progress 

has been made generating the spinal sensory INs that integrate somatosensory 

information from the periphery and relay it to the brain. These studies advance that goal, 

by first, identifying the code by which the BMPs specify the dorsal-most sensory INs 

during development and then developing protocols to direct ESCs towards dorsal spinal 

fates. We have identified that BMP6 most effectively directs mESCs towards the RP, 
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whereas BMP4 directs the dI1 fate, and a mixture of BMPs most effectively directly the 

dI3 fate (Fig. 2-3, Supplemental Fig. 2-S4). Future studies will determine whether 

BMP4, which is not expressed in the developing mammalian spinal cord, is nonetheless 

capable of generating stem cell derived dI1s that functionally mirror their endogenous 

counterparts. We will also continue to assess conditions to derive the dI2s. The 

identification of protocols to derive dI1s and dI3s in vitro have the potential to restore 

proprioception and pre-motor control66.  
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FIGURES 

Figure 2-1 
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Figure 2-1:  Timeline of dorsal patterning in the chicken spinal cord 

Brachial (A, B, E, F, G, H, I, J, K, L, M, N, Q, U, X, Y, B’) or thoracic (C, D, O, P, R, S, T, 

V, W, Z, A’) level transverse sections from Hamburger-Hamilton (HH) stage 14-24 

chicken spinal cords processed for immunohistochemistry (A-D, I-L, Q-T) or in situ 

hybridization (E-H, M-P, U-B’).  

(A-D) Pax3 is present in dorsal progenitors prior to HH stage 14 and persists throughout 

dorsal spinal cord patterning and differentiation.  

(E-H) Atoh1 expression in dP1 progenitors begins prior to HH stage 18.  

(I-L) Lhx2/9+ dI1 neurons start to be born at the brachial-most levels of HH stage 18 

embryos 

(M-P) Ascl1 expression in dP3-5 progenitors begins prior to HH stage 16.  

(Q-T) Isl1+ dI3 neurons are born starting from HH stage 21.  

(U-X) Bmp4 is expressed in cells flanking the RP prior to HH stage 17 and stays tightly 

localized to this region in the dorsal spinal cord. 

(Y-B’) Bmp7 expression starts at ~HH stage 14, and it is expressed more broadly in the 

dorsal-most spinal cord, including the RP.  

(C’) A timeline summarizing the onset of Bmp expression and generation of dI1 and dI3 

neurons. 

Scale bar: 50µm 
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Figure 2-2 

 

Figure 2-2:  BMP4 and BMP7 direct distinct dorsal IN identities in vivo 

(A-C) Summary of dorsal progenitors (dP1-6) and post-mitotic neurons (dI1-6) in the 

developing spinal cord. The combinatorial use of antibodies against Lhx2/9 (green), 

Lhx1/5 (blue), Isl1 (blue), Pax2 (green) and Tlx3 (red) permit the unambiguous 

identification of dI1-dI5. 

(D-U)  Chicken spinal cords were electroporated at HH stage 15 with Gfp (D, G, J, M, P, 

S), Bmp4 (E, H, K, N, Q, T) or Bmp7 (F, I, L, O, R, U), under control of the CAG 

enhancer20, and incubated until HH stage 25. Thoracic transverse sections were labeled 
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with antibodies against Tlx3 (red, S-U), Lhx2/9 (red, J-L), Lhx1/5 (red, M-O), Isl1 (red P-

R; green, S-U) or Pax2 (green M-O), pSmad1/5/8 (red, D-F) and Mafb (red, G-I).  

(D-F) Ectopic expression of Bmp4 (n=52 sections from 5 embryos) more effectively 

activates the R-Smads (Smad1/5/8) than Bmp7 (n=30 sections 4 embryos), while the 

expression of Gfp has no effect (n=37 sections from 4 embryos). 

(G-I) Mis-expression of Bmp4 or Bmp7 has dramatic, but distinct, effects on dorsal cell 

differentiation. Specifically, the ectopic expression of Bmp7 (I, n=28 sections from 4 

embryos) resulted in more Mafb+ RP cells compared to Bmp4 (H, n=37 sections from 5 

embryos), with Gfp control having no effect (G, n=36 sections from 2 embryos). 

(J-L, P-R) Mis-expression of Bmp4 however, most effectively directs cells towards the 

Lhx2/9+ dI1 (K, n=28 sections from 3 embryos) and Isl1+ dI3 fates (Q, 91 sections from 5 

embryos) compared to Bmp7 (dI1, L, n=26 sections from 3 embryos; dI3, R, n=59 

sections from 5 embryos). Mis-expression of Gfp has no effect (dI1, J, n= 46 sections 

from 3 embryos; dI3, P, n=45 sections from 3 embryos) 

(P-R) Bmp4 (N, n=47 sections from 3 embryos) is the only BMP sufficient to direct cells 

toward an Lhx1/5+ dI2 identity, while Bmp7 can suppress Pax2+ dI4 fate (O, n=24 

sections from 3 embryos). The ectopic expression of Gfp has no effect (M, n=35 sections 

from 3 embryos).  

(S-U) The mis-expression of the BMPs has no effect on the Tlx3+ dI5 fate (S, GFP: n=38 

sections from 3 embryos BMP4: T, n=50 sections from 4 embryos; BMP7: U, n=29 

sections from 3 embryos) fates. 

(V) Quantification of the fold change in cell number normalized to Gfp control. 

(W-Y) Summary of the cellular changes directed by BMP4 and BMP7 

Probability of similarity between control and experimental groups, *=p<0.05, *** p< 

0.0005. Student’s t-test.  

Scale bar: 65µm 
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Figure 2-3 

 

Figure 2-3: BMPs direct distinct dorsal IN identities in vitro  

(A) Summary of the mESC differentiation protocol. 

(B-F) RA treatment +/- BMPs directs EBs towards a caudal (Hoxc8+), neural (Tuj1+) and 

dorsal (Tag1+) spinal identity. 

(G) Quantification of RT-qPCR expression data from 9 day EBs, normalized to RA 

control (n=5 experiments). BMP6 (n=5 independent experiments) and GDF7 (n=5 
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experiments) are sufficient to increase Msx1 (i.e. RP) expression, whereas BMP4 (n=5 

experiments) is most effective at directing Lhx2 (dI1) expression. All BMPs tested, 

including BMP5 (n=3 experiments) and BMP7 (n=2 experiments) elevate Isl1 (dI3) 

expression. No BMP tested is sufficient to elevate Foxd3 (dI2) expression. In each 

independent experiment, all samples were run in triplicate.  

(H-K) Summary of cell fates changes in mESC experiments. 

Probability of similarity between control and experimental groups, *=p<0.05, ** p<0.005, 

*** p<0.0005, Student’s t-test.  

Scale bar: 65µm 
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Figure 2-4 

 

Figure 2-4:  The BMPs do not act as morphogens either in vivo or in vitro 

(A-I)  Chicken spinal cords were electroporated at HH stage 15 with Gfp (A, D, G), [low] 

Bmp4 (B, E, H) or [high] Bmp4 (C, F, I) under the control of the CAG enhancer, and 

incubated until HH stage 25. Thoracic transverse sections were labeled with antibodies 

against pSmad1/5/8 (red, A-C), Lhx2/9 (red, D-F), Isl (green, D-F), Lhx1/5 (red, G-I) and 

Pax2 (green, G-I).  

(A-C, J) Low concentrations of Bmp4 activation results in ~50% lower levels of activated 

R-Smads compared to high concentrations of Bmp4 (p<0.001 that the [low] and [high] 

Bmp4 electroporation conditions are similar). 
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(D-I, J) The concentration of BMP4 determines the efficiency of dI1-3 specification in 

chicken embryos. Thus, high levels of Bmp4 expression direct ~10% more Lhx2/9+ dI1s 

(E, n=33 sections from 3 embryos; F, n=38 sections from 3 embryos), ~70% more 

Lhx1/5+ dI2s (H, n=34 sections from 3 embryos; I, n=36 sections from 3 embryos) and 

~20% more Isl1+ dI3s (E, n=33 sections from 3 embryos; F, n=48 sections from 3 

embryos) compared to low Bmp4 expression. Expression of Gfp had no effect (Lhx2/9: 

D, n=56 sections from 3 embryos; Isl1: D, n=53 sections from 3 embryos; Lhx1/5: G, 

n=46 sections from 3 embryos). 

(K) Similarly, increasing the concentration of a given BMP improves its ability to direct 

mESCs towards a specific dorsal fate, as measured by increased gene expression. 

BMP4: n=4 independent experiments; BMP5: n=3 experiments; BMP6: n=2 

experiments; BMP7: n=2 experiments. Samples were run in triplicate within each 

experiment.  

Probability of similarity between control and experimental groups, * p<0.05, ** p< 0.005, 

*** p< 0.0005, Student’s t-test.  

Scale bar: 80µm 
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Figure 2-5 

 

Figure 2-5: BMP4 and BMP7 can drive distinct dorsal progenitor identities in vivo 

(A-S)  Chicken spinal cords were electroporated at HH stage 15 with Gfp (A, D, H, K, N, 

Q), Bmp4 (B, E, I, L, O, R) or Bmp7 (C, F, J, M, P, S) under the control of the CAG 

enhancer, and incubated until HH stage 25 (A-F) or 20 (J-S). Thoracic transverse 

sections were labeled with antibodies against Sox2 (red, A-C), p27 (green, A-C) or 

Lhx2/9 (K-M) or processed for in situ hybridization (H-J, N-S).  

(A-C, G) The ratio of progenitors to neurons was not affected by the misexpression of 

Gfp (n=40 sections from 3 embryos), Bmp4 (n= 47 sections from 4 embryo) or Bmp7 (n= 

27 sections from 3 embryos), although the spinal cord was generally elongated in Bmp4 
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electroporated embryos (A-C, G). Bmp4 misexpression was also significantly diminished 

Sox2 intensity by >30% in the dorsal spinal cord (bracket, B)  

(D-G) Misexpression of Bmp4 (n=50 sections from 5 embryos) and Bmp7 (n=29 sections 

from 3 embryos) significantly increases the size of the Pax3+ domain compared to Gfp 

control (n=44 sections from 3 embryos).  

(H-J) The misexpression of Bmp4 (n=36 sections from 4 embryos) and Bmp7 (n=25 

sections from 3 embryos) results in a 2-3 fold increase in the length of the Atoh1+ dP1 

domain compared to Gfp control (n= 42 sections from 6 embryos).  

(K-M) 24 hours post-electroporation, Bmp4 expression (n=25 sections from 3 embryos) 

increases the number of Lhx2/9+ dI1s while the expression of Gfp (n=34 sections from 3 

embryos) or Bmp7 (n=25 sections from 3 embryos) has no significant effect (p>0.17).  

(N-P) Bmp4 (n= 44 sections from 3 embryos) decreases the Ngn1+ dP2 population while 

neither Gfp (n=176 sections from 8 embryos) or Bmp7 (n=41 sections from 3 embryos) 

expression has a significant effect (p>0.14). 

(Q-S) The misexpression of both Bmp4 (n=48 sections from 3 embryos) and Bmp7 

(n=45 sections from 3 embryos) significantly increase the Ascl1+ dP3-5 populations 

compared to Gfp control (n=124 sections from 8 embryos). 

(T) Quantification of the fold change in progenitor domain length or cell number 

normalized to the GFP control. 

(U-W) Summary of changes to progenitor identity directed by BMP4 or BMP7. 

Probability of similarity between control and experimental groups, *** p< 0.0005, 

Student’s t-test. 

Scale bar: 50 µm 
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Figure 2-6 

 

Figure 2-6: The BMPs can differentially regulate the cell cycle in vivo 

(A-L)  Chicken spinal cords were electroporated at HH stage 15 with Gfp (A, D, G, J), 

Bmp4 (B, E, H, K) or Bmp7 (C, F, I, L) under the control of the CAG enhancer and 

incubated until HH stage 20. Thoracic transverse sections were labeled with antibodies 

against pHistoneH3 (red, J-L) and Sox2 (blue, J-L). In situ hybridization was performed 

in combination with BrdU labeling (white/red, A-I).  

(A-I) Bmp7 (Atoh1: n=25 sections from 5 embryos; Ngn1: n=41 sections from 5 

embryos; Ascl1: n=45 from 5 embryos) misexpression decreases the number of S-phase 

BrdU+ cells in the dP1-dP3 domains while either Gfp (Atoh1: n=42 sections from 6 

embryos; Ngn1: n=176 sections from 8 embryos; Ascl1: n=124 sections from 8 embryos) 
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or Bmp4 expression (Atoh1: n=54 sections from 4 embryos; Ngn1: n=44 sections from 3 

embryos; Ascl1: n=48 sections from 3 embryos) has no effect.  

(J-L) Both Bmp4 (n=47 sections from 3 embryos) and Bmp7 misexpression can increase 

the number of pHistoneH3+ M-phase cells compared to Gfp control (n=60 sections from 

3 embryos).  

(O) The combined effect of the BMPs on the cell cycle may permit BMP7 to most 

effectively promote progenitor patterning while BMP4 most effectively directs neural 

differentiation. 

Probability of similarity between control and experimental groups, *=p<0.05, *** p< 

0.0005 Student’s t-test.  

Scale bar: 70 µm 
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Figure 2-7 

 

Figure 2-7: BMP4 and BMP7 mediate their diverse activities through different type 

I Bmp receptors both in vivo and in vitro. 

(A, B) BmprIa is expressed in spinal progenitors during neurogenesis.  
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(C, D) At later stages, BmprIb is also expressed by both progenitors and post-mitotic 

neurons. 

(E-J)  Chicken spinal cords were ubiquitously electroporated with Gfp (E, H), dnBmprIa 

(F, I) or dnBmprIb (G, J) at HH stage 15 and incubated until HH stage 25. Thoracic 

transverse sections were labeled with antibodies against Lhx2/9 (red, E-G), Isl1 (green, 

E-G), Lhx1/5 (red, H-J) and Pax2 (green, H-J).  

(E-K) The misexpression of dominant negative (dn) BmprIb decreases the Lhx2/9+ dI1 

(n=81 sections from 4 embryos), Lhx1/5+ dI2 (n=58 sections from 4 embryos) and Isl1+ 

dI3 (n=59 sections from 4 embryos) populations compared to Gfp control (Lhx2/9: n=45 

sections from 5 embryos; Lhx1/5: n=44 sections from 5 embryos; Isl1: n=46 sections 

from 5 embryos). In contrast, the presence of dnBmprIa decreases the number of dI1s 

(n=55 sections from 3 embryos) and dI3s (n=35 sections from 3 embryos), but not the 

dI2s (n= 53 sections from 3 embryos).  

(L) Increasing the levels of Bmp4 expression is sufficient to rescue the dnBmprIa, but 

not dnBmprIb, phenotype (BMP4: n= 40 sections from 3 embryos; BMP4 low+dnIa: n=51 

sections from 3 embryos; BMP4 high+ dnIa: n=32 sections from 5 embryos; BMP4 

low+dnIb: n=43 sections from 3 embryos BMP4 high+ dnIb: n=42 sections from 6 

embryos), while high levels of Bmp7 are most effective at rescuing the dnBmprIb, rather 

than dnBmprIa, phenotype (BMP7: n=42 sections from 3 embryos; BMP7 low+dnIa: 

n=57 sections from 3 embryos; BMP7 high+dnIa: n=31 sections from 4 embryos; BMP7 

low+dnIb: n=58 sections from 3 embryos; BMP7 high+dnIb: n=23 sections from 4 

embryos). 

(M-N) Low concentrations of either dorsamorphin (DM) or LDN-193189 (LDN) are 

sufficient to block the activity of BMP6 in vitro, consistent with the model that BMP6 acts 

through BmprIa. In contrast, much higher concentrations of either DM or LDN are 
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required to block BMP4-directed differentiation, suggesting BMP4 acts through BmprIb  

(n= 4 independent experiments).  

(O-R) Models for the specification of the RP, dI1s, dI2s and dI3s.  

Probability of similarity between control and experimental groups, *=p<0.05, **p< 0.005, 

*** p< 0.0005 Student’s t-test.  

Scale bar: 65µm 
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SUPPLEMENTAL FIGURES  

Supplemental Figure 2-S1 

 

Supplemental Figure 2-S1:  Expression of Bmps in chicken and mouse embryos 
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Brachial (A-I, K, M, O) or thoracic (J, L, N, P) level transverse sections from Hamburger 

Hamilton (HH) stage 14-24 chicken spinal cords or embryonic (E) day 9.5-10.5 mouse 

embryonic spinal cord processed for in situ hybridization (A-P).  

(A-D) Bmp5 expression begins around HH stage 21 and is expressed broadly 

throughout the intermediate and ventral spinal cord.  

(E-H) Bmp6 expression starts prior to HH stage 15 and persists through HH stage 24.  

(I-J) Bmp4 has non-specific expression in the spinal cord at E9.5 and is restricted to 

epidermal ectoderm outside of the spinal cord by E10.5.  

(K-L) Bmp5 is expressed throughout the dorsal spinal cord at E9.5 (arrows, K) and 

E10.5. 

(M-N) Bmp7 is expressed in the dorsal spinal cord at E9.5 (arrows, M) and E10.5 

(arrows, N). 

(O-P) Bmp6 is expressed in the RP and dorsal-most spinal cord at E9.5 (arrows, O) and 

E10.5 (arrows, P).  

Scale bar: 40 µm 
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Supplemental Figure 2-S2 
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Supplemental Figure 2-S2: Other BMPs have unique activities specifying dorsal IN 

populations. 

(A-R)  Chicken spinal cords were electroporated with Gfp (A, D, G, J, M, P), Bmp5 (B, E, 

H, K, N, Q) or Gdf7 (F, I, L, O, R) at HH stage 15 and incubated until HH stage 25. 

Thoracic transverse sections were labeled with antibodies against Lhx2/9 (G-I), Isl1 (M-

R), Lhx1/5 (red, J-L), Pax2 (green, J-L) and Tlx3 (red, P-R).  

(A-C) Misexpression of Bmp5 (n=44 sections from 3 embryos) and Gdf7 (n=34 sections 

from 3 embryos) increases pSmad1/5/8 activity up to 2-fold, whereas misexpression of 

Gfp has no effect. In all experiments the Gfp control had no effect on cellular identity (n 

as for Fig. 2). 

(D-F) Misexpression of Bmp5 (n=35 sections from 3 embryos) and Gdf7 (n=30 sections 

from 4 embryos) modestly increases the numbers of Mafb+ RP cells. 

(G-I) Ectopic expression of both Bmp5 (n=34 sections from 3 embryos) and Gdf7 

increase the number of Lhx2/9+ dI1s (n=40 sections from 5 embryos). 

(J-L) Gdf7 modestly increases the number of dI2s (n=24 sections from 3 embryos) and 

decreases the number of dI4s (n=23 sections from 4 embryos) while neither are affected 

by Bmp5 (Lhx1/5: n=43 sections from 3 embryos; Pax2: n=27 sections from 3 embryos). 

(M-O) Gdf7 (n=48 sections from 4 embryos) is much more effective than Bmp5 (n=54 

sections from 3 embryos) at increasing the number of dI3s. 

(P-R) Bmp5 can modestly increase the number of dI5s (n=54 sections from 3 embryos), 

while Gdf7 has no effect (n=29 sections from 3 embryos). 

(S) Quantification of the fold change in cell number normalized to the Gfp control. 

(T-V) Models for the different activities of BMP5 and BMP6. 

Probability of similarity between control and experimental groups, * p< 0.05, ** p< 

0.005,*** p< 0.0005, Student’s t-test. 

Scale bar: 70 µm 
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Supplemental Figure 2-S3 

 

Supplemental Figure 2-S3:  Strategies used to establish the mESC protocol. 

(A, B) The timing of RA and BMP addition was evaluated to determine the efficiency by 

which each protocol directed mESCs towards caudal fates (Hoxa6), dorsal spinal 

progenitors (Pax3) and dorsal INs (Lhx2, Isl1 and Pax2). There were no major changes 
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to spinal identity, dorsal patterning or dorsal IN differentiation regardless of protocol (n=1 

experiment, 2 samples/group/gene).  

(C) Cyclopamine, a Shh inhibitor, was added to cultures to block any putative 

ventralization. The addition of cyclopamine had no effect on dorsal identity (n=4 

independent experiments). 

(D, E) CHIR, a Wnt pathway agonist (n=2 experiments), and IWR1e, a Wnt pathway 

antagonist (n=2 experiments) were added to cultures. Neither manipulation of the Wnt 

signaling pathway had an effect on the identity of dorsal INs. 

Probability of similarity between control and experimental groups, * p< 0.05, ** p<0.005, 

*** p< 0.0005, Student’s t-test. 
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Supplemental Figure 2-S4 

 

Supplemental Figure 2-S4: Effect of combinatorial addition of BMPs on dorsal IN 

differentiation in vitro. 

Quantification of the fold change in gene expression normalized to the RA control. 

Different combinations of BMPs, at a final concentration of 10ng, have varying abilities to 

direct mESCs towards the RP and dI1-3 cell types. A combination of BMP4, BMP5, 

BMP6, BMP7 and GDF7 (“all BMPs”) were the most efficient at directing the RP and the 

dI3s (n=2 independent experiments). 

Probability of similarity between control and experimental groups, * p< 0.05, ** p< 0.005, 

*** p< 0.0005, Student’s t-test. 
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Supplemental Figure 2-S5   

 

Supplemental Figure 2-S5: Temporal effect of the BMPs on dorsal IN identity in 

vitro. 

(A-H) Mouse ESCs were treated with BMPs and collected every 3 days to determine 

how the profile of transcription factor expression changes in response to different 

concentrations of BMPs over time. In all cases neither changing the duration of exposure 
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to BMP recombinant proteins or altering the BMP concentration changes dorsal cell 

identity as predicted by morphogen models (n=2 independent experiments/BMP).  

Probability of similarity between control and experimental groups, * p< 0.05, ** p< 0.005, 

Student’s t-test. 
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Supplemental Figure 2-S6 

 

Supplemental Figure 2-S6: BMP5 and GDF7 have unique effects on cell cycle in 

vivo.  

(A-V)  Chicken spinal cords were electroporated with Gfp (A, E, F, K, L, Q, R), Bmp5 (B, 

G, H, M, N, S, T) or Gdf7 (C, I, J, O, P, U, V) at HH stage 15 and incubated until HH 

stage 25. Thoracic transverse sections were labeled with antibodies against Pax3 (A-C) 

and BrdU (F, H, J, L, N, P, R, T, V) and processed for in situ hybridization using 

riboprobes against Atoh1 (E-J), Ngn1 (K-P), Ascl1 (Q-V).  

(A-C) Expression of both Bmp5 (n=36 sections from 3 embryos) and Gdf7 (n=32 

sections from 4 embryos), but not Gfp can increase the Pax3+ dorsal progenitor domain. 

In all experiments the Gfp control had no effect (n as for Fig. 5 for progenitor domain 

size and Fig. 6 for BrdU quantification). 
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(D) Quantification of the fold change in length normalized to the Gfp control. 

(E-J) Bmp5 (n=100 sections from 6 embryos) and Gdf7 (n=41 sections from 4 embryos) 

expression both significantly increase the length of the Atoh1 domain and decrease the 

number of BrdU+ S-phase cells in this domain, while expression of Gfp has no effect. 

(K-P) Both Bmp5 (n=51 sections from 6 embryos) and Gdf7 (n= 46 sections from 4 

embryos) decrease the length of the Ngn1 domain and the number of BrdU+ cells in this 

domain. The expression of Gfp has no effect. 

(Q-V) Gdf7 (n=59 sections from 4 embryos) modestly increases the size of the Ascl1 

domain, while neither Bmp5 (n=65 sections from 6 embryos) or Gfp has an effect. Both 

BMP5 and GDF7 decrease the number of BrdU+ cells in the Ascl1 domain.  

(W) Quantification of the number of BrdU+ cells in each proneural gene domain. 

(X-Z) Summary models for the patterning activity of BMP5 and GDF7.  

Probability of similarity between control and experimental groups, * p< 0.05, ** p< 0.005, 

*** p< 0.0005, Student’s t-test. 

Scale bar: 40µm 
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Supplemental Figure 2-S7 

 

Supplemental Figure 2-S7: BMP misexpression can result in major morphological 

changes to the spinal cord 

(A-I) Chicken spinal cords were efficiently electroporated at HH stage 15 with high 

concentrations (>500ng/µl) of CAG::Bmp4 (D-I) or CAG::Bmp7 (A-C) and incubated until 

HH stage 25. Thoracic transverse sections were labeled with antibodies against Mafb 

(red, A-B), Lhx1/5 (red, D-G) or Pax2 (green, D-F, H). Gfp expression demonstrates 

electroporation efficiency. 

(A-C) The ectopic expression of Bmp7 results in the expansion of the Mafb+ RP. In this 

example, the expansion is profound, resulting in a widening of the ventricle as well as an 

elongation and thinning of the electroporated side of the spinal cord. 
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(D-I) The ectopic expression of Bmp4 results in different morphological changes. In 

some embryos, a tumor-like ball of Lhx1/5+ cells has formed in the ventral spinal cord. 

These dI2-like cells are positioned where the motor column would normally be located. 

Scale bar: 100µm 
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CHAPTER 3—BMP receptor-activated Smads confer diverse 

 functions during the development of the dorsal spinal cord 

 

Abstract 

Bone Morphogenetic Proteins (BMPs) have multiple activities in the developing spinal 

cord: they specify the identity of the dorsal-most neuronal populations and then direct the 

trajectories of dorsal interneuron (dI) 1 commissural axons.  How are these activities decoded 

by dorsal neurons to result in different cellular outcomes?  Our previous studies have shown 

that the diverse functions of the BMPs are mediated by the canonical family of BMP receptors 

and then regulated by specific inhibitory (I) Smads, which block the activity of a complex of 

Smad second messengers.  However, the extent to which this complex translates the different 

activities of the BMPs in the spinal cord has remained unresolved.  Here, we demonstrate that 

the receptor-activated (R) Smads, Smad1 and Smad5 play distinct roles mediating the abilities 

of the BMPs to direct cell fate specification and axon outgrowth.  Smad1 and Smad5 occupy 

spatially distinct compartments within the spinal cord, with Smad5 primarily associated with 

neural progenitors and Smad1 with differentiated neurons.  Consistent with this expression 

profile, loss of function experiments in mouse embryos reveal that Smad5 is required for the 

acquisition of dorsal spinal neuron identities whereas Smad1 is critical for the regulation of dI1 

axon outgrowth.  Thus the R-Smads, like the I-Smads, have discrete roles mediating BMP-

dependent cellular processes during spinal interneuron development.  

 

This chapter is modified from:  

Hazen, V.M., Andrews, M.G., Umans, L., Crenshaw III, E.B., Zwijsen, A., and Butler, S.J. 

(2012). BMP receptor-activated Smads direct diverse functions during the development of the 

dorsal spinal cord. Developmental Biology. 367: 216-227.  
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INTRODUCTION 

Developing organisms are remarkably economic in their reiterative use of growth factors 

to specify different cellular fates within organs or different cellular processes within the same 

cell.  This economy permits organisms of extraordinary complexity to be specified by the use of 

a relatively limited number of extracellular signals during development.  A striking example of 

this paradigm occurs in the developing spinal cord.  The spinal cord is first patterned by 

signaling molecules which direct cellular identity1,2.  Inductive signaling from the dorsal and 

ventral poles of the spinal cord, the roof plate (RP) and floor plate (FP), are responsible for the 

formation of distinct classes of neurons along the dorsal-ventral axis of the developing spinal 

cord3.  These signals continue to be expressed in the RP and FP where they then provide 

guidance information for dorsal commissural axons4-7.  These studies demonstrated that a 

single factor, or family of factors, could specify unexpectedly diverse activities for developing 

neurons.  For example, in the dorsal spinal cord, members of the Bone Morphogenetic Protein 

(BMP) and activin family are present in the RP where they are sufficient to establish the 

identities of the dorsal-most populations of spinal interneurons (dI) 1-38-11.  Subsequently, the 

BMPs serve as guidance signals for the dI1 (commissural) population of neurons, both orienting 

their axons to grow away from the RP4,12 and regulating their rate of outgrowth through the 

dorsal spinal cord13.  Thus, the BMPs direct disparate cellular processes for dI1 neurons at 

different stages of their development. 

How is BMP signaling translated by dorsal neurons to specify divergent aspects of 

neuronal circuit formation?  Previous studies have implicated the canonical BMP receptors 

(Bmpr), a heteromeric complex of type I and type II serine/threonine kinase BMP receptors14, as 
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having multiple roles in this process.  The type I Bmprs are necessary and sufficient to both 

specify the identity of the dI1-3 neurons15-17 and the orientation of dI1 axons17.  In addition, the 

type II Bmpr has been shown to control the rate of dI1 axon extension13.  Together, these 

observations suggest that the mechanistic distinction that accounts for the ability of the BMPs to 

specify cell fate choices versus axon guidance decisions lies downstream of the Bmprs.   

In the canonical BMP signaling pathway, activated type I Bmprs phosphorylate the BMP- 

receptor-activated (R) Smads, Smad1, Smad5 and Smad818.  These R-Smads then complex 

with the common mediator (Co) Smad4 and translocate to the nucleus to alter the transcriptional 

activity of the cell19,20.  This signaling cascade can be blocked by the inhibitory (I) Smads, 

Smad6 and Smad721,22.  Previous studies examining the role of the Smads establishing neural 

circuitry in the chicken spinal cord have shown that Smad1, Smad5 and Smad4 are critical for 

pattern formation in the dorsal neural tube19,23.  Moreover, we recently demonstrated that the I-

Smads have distinct functions spatially limiting the response of dorsal cells to BMP signaling24.  

Smad7 blocks the acquisition of the dI1 and dI3 fates, whereas Smad6 inhibits dI1 axon 

outgrowth24.  However, while the R-Smads have been implicated in the regulation of cell fate 

specification and neurite outgrowth/regeneration18,23,25-27, their role mediating the diverse effects 

of BMP signaling in the developing dorsal spinal cord remains unresolved.   

Here, we have assessed the expression patterns of the BMP specific R-Smads and 

determined whether they are required for the development of the mouse and chicken dorsal 

spinal cord.  Smad1, Smad5 and Smad8 are remarkably similar to each other in vertebrates 

(over 75% at the protein level in mouse and chicken) and have been shown to act redundantly 

during embryogenesis28 suggesting that they may function interchangeably in the embryo.  

However, we have observed that Smad1 and Smad5, but not Smad8, are expressed in 

complementary patterns in the developing rodent spinal cord during the period of dorsal neuron 

circuit formation.  Smad5 is present in neural progenitor cells whereas Smad1 is present in post-

mitotic neurons and their processes.  This distribution pattern is more consistent with their 
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having distinct, rather than redundant, roles in spinal cord development.  Supporting this 

hypothesis, we demonstrate that Smad1 and Smad5 are required at different stages in the 

generation of dorsal spinal neural circuitry in rodents: Smad5 is required for the specification of 

dorsal fate, whereas Smad1 is required to regulate dI1 axon outgrowth.  Taken together with our 

recent studies24, these results challenge the prevailing view that the R-Smads always function 

interchangeably.  Our data suggest that the BMP-specific R-Smads mediate the different 

activities of the BMPs and that these activities are antagonized by specific I-Smads.  Thus, the 

ability of the BMPs to direct diverse cellular responses in neurons is accomplished by the 

specific activation of different members of the Smad family. 
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MATERIALS AND METHODS 

In situ hybridization: In situ hybridization experiments were performed on embryonic day (E) 

11.5 mouse fresh frozen tissue sectioned at 20µm as previously described29. Primer sequences, 

designed using www.primer3.com, were as follows: mouse Smad1 3’ untranslated region (UTR) 

forward primer - 5'-GAT GGA GAC CTG ACG AAG GA-3' and reverse primer (with GAG and T3 

polymerase site) - 5'-GAG ATT AAC CCT CAC TAA AGG GAG ATG ATT CAA CGT GGG CTC 

T-3'; mouse Smad5 3’ UTR – forward primer – 5’-AGG CGT GCT AGG CAT GTA CT-3’ and 

reverse primer (with GAG and T3 polymerase site) - 5'- GAG ATT AAC CCT CAC TAA AGG 

GAA CTA GGC TAG CCC CTG CTT C-3’; mouse Smad8 3’ UTR forward primer - 5'-ATT AGA 

GGC AGT CCC CAC CT-3' and reverse primer (with GAG and T3 polymerase site) - 5'-GAG 

ATT AAC CCT CAC TAA AGG GAA TTT GGC CAC TTG TGA GGA G-3'.  Probes were made 

using a DIG RNA labeling kit (Roche).  Differential interference contrast images were collected 

on a Carl Zeiss Axioplan 2 microscope and processed using Adobe Photoshop CS4.  

 

Immunohistochemistry: Antibody staining was performed on 30µm transverse sections of 

embryonic spinal cords from mouse (E10.5 – E11.5), rat (E11-13 and dissociated neuronal 

cultures), chicken (Hamburger and Hamilton (HH) stage 21-2530 and COS7 cell line as 

previously described24. Fluorescence images were taken on a Carl Zeiss LSM510 confocal and 

Axiovert 200M microscopes.  Images were processed using Adobe Photoshop CS4.  

The following antibodies against a particular protein and dilution were used.  Rabbit: 

Lhx2/9 (pan Lh2a/b), 1:100011; Islet1/2 (Isl1/2, K5), 1:200031; GFP, 1:1000 (Invitrogen); Math1, 

1:50032; Smad1, 1:100 (Cell Signaling Technology); Smad5, 1:100 (Cell Signaling Technology); 

C-terminal phosphorylated Smad1/5/8, 1:1000 (a generous gift from Dr. Ed Laufer, Columbia 

University), Pax2, 1:250 (Invitrogen); Mouse: Tag1 (4D7), 1:2033; neuronal class III β-tubulin 

(Tuj1), 1:1000 (Covance); ERM (ezrin, radixin, and moesin; 13H9), 1:10034.  Goat: Isl1, 1:8000 
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(R&D Systems); Lhx2, 1:50 (Santa Cruz Biotechnology); Lhx9, 1:50 (Santa Cruz 

Biotechnology); Smad8, 1:200 (R&D Systems). Guinea pig: Olig2, 1:20,00035. Sheep: GFP, 

1:2000 (Biogenesis).  Species appropriate Cyanine 3, 5 and Fluorescein conjugated secondary 

antibodies were used (Jackson ImmunoResearch Laboratories). 

 

COS7 cell and antibody blocking culture: COS7 cells were plated on UV-treated glass 

coverslips and transfected with 0.4µg of expression constructs encoding either Smad1, Smad5 

or Smad8 under the control of the CMV enhancer (a generous gift from Dr. Kohei Miyazono, 

University of Tokyo).  Cells were transfected using Lipofectamine (Invitrogen) in Opti-MEM 

(GIBCO) at 37°C for 5 hours and then incubated for 24 hours at 37°C in a penicillin-

streptomycin-glutamine (Invitrogen) and Opti-MEM (GIBCO) solution to allow protein 

expression.  Cells were then fixed, immunolabeled and imaged. 

Fixed 30µm transverse sections of E11.5 mouse spinal cords were incubated with either 

25µl of Smad1 protein (a generous gift from Peter ten Dijke, Leiden University Medical Center) 

or control vehicle with Smad1 antibody (1:500 dilution; Cell Signaling Technology) for 1 hour at 

4°C.  Cyanine 3 conjugated secondary antibodies (Jackson ImmunoResearch Laboratories) 

were then applied and sections were processed for imaging. 

 

Dissociated neuron tissue culture: Rat E11 and 13 commissural neurons were dissected 

from dorsal spinal cords as previously described4.  Using trypsin-EDTA (Invitrogen), the cells 

were dissociated for 5 minutes at 37°C.  The cells were then triturated with a flame-polished 

Pasteur pipet and then the cells were plated on poly-D lysine/mouse laminin (BD Biosciences) 

coated cover slips.  The plated cells were incubated at 37°C for ~30 hours in Opti-MEM 

(GIBCO), fixed and antibody stained as previously described4. 
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In ovo electroporation of RNA interference (RNAi) expression constructs: Short hairpin 

(sh) RNAs directed against two target sequences of both chick Smad1 and Smad5 were 

generated using Genscript (www.genscript.com/ssl-bin/app/rnai) and are as follows: Smad1: 1st 

hairpin - 5'-TAA CCG GAA TTC CAC CAT TGA-3', 2nd hairpin - 5’-CAT CAA TCC TTA CCA 

CTA CAA-3' and Smad5: 1st hairpin - 5'-GCA TCA ATC CTT ACC ACT ATA-3', 2nd hairpin - 5'-

AGC TGT CGA TGC TTT GGT TAA-3'.   The target sequences were cloned into shRNA 

expression vectors containing the chicken specific promoter U6 and either a Red or Green 

Fluorescent Protein (RFP, GFP) reporter cassette as previously described36,37.  

Fertile White Leghorn eggs (McIntyre Poultry and Fertilized Eggs, Lakeside, CA) were 

incubated to HH stages 10-12.  The following expression constructs were electroporated into 

the developing neural tube as previously described38: chickU6::shRNA(Smad1)-RFP (0.7 µg/µl), 

chickU6::emptyvector-RFP (0.7 µg/µl), chickU6::shRNA(Smad5)-GFP (1 µg/µl), 

chickU6::emptyvector-GFP (1 µg/µl).  Cell fate defects were quantified by normalizing the 

number of Lhx2/9+ and Islet1/2+ cells on the electroporated side with the number on the non-

electroporated side of the spinal cord. All statistical analyses were performed using a one-tailed 

Student’s t-test. 

 

Generation and analysis of mutant mice: Conditional floxed alleles of Smad139 and Smad540 

were crossed to the a) Brn4::Cre neural tube driver line (also called Bcre3241) to functionally 

inactivate each gene and b) Math1::tauGfp reporter line42 to visualize the trajectory of dI1 

commissural axons.  In all cases, control littermates genotypically differed from mutant 

littermates only by the absence of Cre driver line.   

Cell fate defects were evaluated by normalizing the number of Math1+ dorsal progenitor 

(dP) 1 neurons32, Lhx2/9+ dI1 neurons11, Isl1/2+ dI3 and motor neurons11,31 in E10.5 mutant 

littermates to the average number for each cell type in control littermates.  The number of Pax2+ 
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dI4 and dI6-v1 interneurons43 was quantified using the number of Olig2+ cells as a control for 

any potential differences in development between sections.  Olig2 is a marker of motor neuron 

progenitors whose presence is thought to be independent of BMP signaling44,45.  Data was 

plotted as the number of Olig2+ cells versus Pax2+ cells per section and a logarithm trend line 

was fitted to the data set using Microsoft Excel 2008 for Mac.   

The intensity of pSmad1/5/8 staining was quantified by using identical settings on the 

confocal microscope to image sections from control and mutant R-Smad littermates, which 

under went immunohistochemistry on the same slide.  The average intensity of control 

pSmad1/5/8 staining was then used to normalize the level of pSmad1/5/8 in mutant sections 

present on the same slide.   

To quantify any axon outgrowth defects, the number of GFP+ axons that reached the FP 

was measured at brachial and thoracic levels of E10.5 control and mutant spinal cords.  This 

figure was also normalized to the average number of Olig2+ cells at these levels.  

 

Explant cultures: Open book preparations of the spinal cord and explants of E11 rat roof plate 

and E10.5 mouse dorsal spinal cord were dissected, cultured and immunostained as previously 

described4,13,17.  Open book preparations, taken from E11.5 lumbar levels with comparable 

numbers of Olig2+ cells, were quantified by counting the number of GFP+ axons, per 100µm 

hemi-segment, growing beyond the Olig2+ progenitor domain towards the FP.  The reorientation 

angle of Tag1+ axons in dorsal spinal explants was quantified as described previously4.  The 

extent of Tag1+ axon growth was quantified by measuring the length of Tag1+ axons at the ends 

and middle of the dorsal explant.  These lengths are expressed as a percentage of the width of 

the explant. 



96 

RESULTS 

Smad1 and Smad5 have complementary distributions in the developing spinal cord 

During the development of the spinal cord, BMP signaling from the RP is critical for both 

the specification of dorsal neural fate9-11,15 and the establishment of dorsal commissural axon 

circuitry4,12.  Previous studies have shown that these diverse activities are translated by the 

presence of type I Bmprs in dorsal spinal progenitors and neurons16,17.  To investigate whether 

the key canonical second messenger of BMP signaling, the Smad complex, is involved in 

mediating cell fate specification and/or axon guidance, we first examined which of the BMP-

specific R-Smads, Smad1, Smad5 and Smad8 are expressed in the developing rodent spinal 

cord (Fig. 3-1, APPENDIX 2—Fig. 1).   

Using in situ hybridization and immunohistochemistry on rodent spinal cords during the 

stages at which dorsal interneurons are both actively being born and extending axons, we have 

found that Smad5 is broadly expressed at the highest levels in the ventricular zone where the 

neuronal progenitors reside (Fig. 3-1 B, G).  Smad5 protein is not present in Tag1+ commissural 

axons (negligible overlap between Smad5 and Tag1 staining in inset and at arrowhead, Fig. 3-1 

F).  In contrast, Smad1 is present in post-mitotic neurons (dotted line, Fig. 3-1 A) and their 

processes, including the Tag1+ commissural axons extending towards and crossing their 

intermediate target, the FP (considerable overlap between Smad1 and Tag1 staining in inset 

and at arrowhead, Fig. 3-1 D).  Supporting this conclusion, Smad1 is present throughout 

dissociated commissural (dI1) neurons, at highest levels in the soma and extending axons 

(arrowhead, Fig. 3-2 B) and at lower levels in the growth cones (arrow, Fig. 3-2 B).  Smad8 is 

not present in the rodent spinal cord at these stages (Fig. 3-1 C, H-I)28 and is, therefore, an 

unlikely candidate to mediate the activities of the BMPs in the dorsal spinal cord.  We have 

confirmed that these antibodies are specific for the relevant R-Smad; they do not cross react 

with the other R-Smad proteins, despite their extensive homology (Supplemental Fig. 3-S1).  

Moreover, the expression patterns of Smad1 and Smad5 are similar in the developing chicken 
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spinal cord (data not shown and23), suggesting that roles of the R-Smads are evolutionarily 

conserved.   

We next assessed whether the R-Smads are active in the developing mouse spinal cord 

using an antibody against the phosphorylated form of the R-Smads.  Previous studies have 

shown that R-Smad activity is robustly upregulated in the dorsal neural progenitors immediately 

flanking the RP (arrowhead, Fig. 3-1 K, M)17,46.  Between stage E10.5 (Fig. 3-1 K) and stage 

E11.5 (Fig. 3-1 M) the number of phospho (p) Smad1/5/8+ cells expands in the ventricular zone 

of the dorsal-most spinal cord, such that by E11.5 the distribution of R-Smad activation appears 

to be graded, with the highest levels of activation seen in the cells flanking the RP (arrowhead, 

Fig. 3-1 M).  In addition to the pSmad1/5/8 present in neuronal progenitors, activated R-Smads 

are also observed in Tag1+ commissural axons33 as they project towards and across the FP 

(arrows, Fig. 3-1 M).  Moreover, pSmad1/5/8 is present at high levels in the post-crossing Tag1- 

commissural axons projecting in the ventral funiculus (arrowhead, Fig. 3-1 M).  Activated R-

Smads are also observed in the neurites of dissociated dI1 neurons (Fig. 3-2 D-E).  Intriguingly, 

pSmad1/5/8 is present in the axon shaft in vesicular-like puncta (inset panel, Fig. 3-2 E), which 

often contained proteins of the ezrin/radixin/moesin (ERM) complex (arrowhead, Fig. 3-2 E-F).  

The ERM complex is most prominently associated with dynamically active cytoskeletal 

structures, such as the growth cone47 (Fig. 3-2 C, F).  Over 90% of commissural axons contain 

these puncta, with an average of 4.7± 0.8 s.e.m. puncta per axon (n=17 neurons). 

Although the pSmad1/5/8 antibody does not distinguish between the locations of the 

different activated R-Smads in the spinal cord, taken with the complementary distributions of 

Smad1 and Smad5 proteins, these data suggest that Smad5 is activated in the dorsal-most 

neuronal progenitors in the ventricular zone, whereas Smad1 is active within commissural 

axons.  Thus, Smad1 and Smad5 are present in spatially distinct regions of the spinal cord 

where they could mediate specific functions of the BMPs during the development of the dorsal 

spinal cord. 
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Smad5 is required for the generation of dorsal spinal neurons 

Based on the distinct expression patterns of the R-Smads, we hypothesized that Smad1 

and Smad5 have different roles in the development of the dorsal spinal cord.  Smad1 is the best 

candidate to coordinate commissural axon dynamics, whereas Smad5 might play a more critical 

role determining the fate of dorsal neurons.  To test this hypothesis, we used loss-of-function 

mouse genetics to determine the consequence of chronically depleting the R-Smads on the 

specification of dI1 and dI3 neurons.  Mutations in both Smad1 and Smad5 are embryonic 

lethal48,49, necessitating the use of conditional alleles of Smad1 (Smad1flox) 39 and Smad5 

(Smad5flox)40.  Tissue-specific recombination of the R-Smads was achieved by mating these 

floxed alleles to transgenic mice producing the Cre recombinase under the control of the Brn4 

neural tube enhancer41.  This enhancer fragment drives the expression of Cre throughout the 

spinal cord such that recombination is widespread by E9.5 before dorsal interneurons are born 

and is complete by E10.5 (Fig. 3-3 G)41.   

Supporting the hypothesis that Smad5, and not Smad1, is activated in the neuronal 

progenitors, only mutations in Smad5 reduce the level of pSmad1/5/8 staining flanking the RP 

by 20% in E10.5 embryos (Supplemental Fig. 3-S2 A-B, E-F).  This alteration in R-Smad 

activity has functional consequences; the loss of Smad1 had no effect on the number or identity 

of two populations of dorsal interneurons, the Lhx2/9+ dI1 (commissural) neurons and the Isl1/2+ 

dI3 (association) neurons in E10.5 mouse embryos compared to control embryos (Fig. 3-4 A-H, 

Q).  In contrast, both the dI1 and dI3 populations were affected in Smad5 mutant mice: over 

20% of the dI1 neurons were absent (Fig. 3-4 M, O, R) and almost 40% of the dI3 neurons were 

missing (Fig. 3-4 M, P, R) compared to control littermates (Fig. 3-4 I, K, L, R).  The loss of dI1 

neurons appeared to stem from the loss of dorsal progenitors, since we observed a 20% 

reduction in the number of the Math1+ dorsal progenitor (dP) 1 cells32 compared to controls (Fig. 

3-4 J, N, R).  In contrast, neither R-Smad mutant had any effect on the number of the more 

ventrally located Pax2+ interneurons (Supplemental Fig. 3-S3) or the Isl1/2+ motor neurons 
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(Fig. 3-4 Q, R), suggesting that these effects on cell fate are specific to the action of Smad5 on 

the RP-dependent populations of dorsal spinal neurons9. 

We also examined whether there was a more severe dorsal cell fate phenotype when 

both Smad1 and Smad5 were inactivated.  However, we were unable to recover any Smad1; 

Smad5 double mutant mouse embryos in combination with the Brn4::Cre driver line, suggesting 

that this genotype is lethal.  We thus crossed our floxed R-Smad alleles to a Math1::Cre driver 

line, which results in a highly restricted pattern of Cre-mediated recombination in Lhx2/9+ dI1 

neurons by stage E1017,50, slightly later than that of the Brn4::Cre driver (Fig. 3-3).   Under these 

circumstances, the Smad1; Smad5 mutant phenotype is no more severe than the loss of Smad5 

from the dI1 population alone (p>0.4, Student’s t-test).  We observed an almost 25% decrease 

in the number of dP1 progenitors and a 30% decrease in the number of dI1 neurons (Fig. 3-4S, 

p>0.26 not significantly different from Smad5 mutant phenotype).  

We further assessed the role of Smad1 and Smad5 by acutely removing their function 

using an RNA interference (RNAi) approach in Hamilton Hamburger (HH) stage 11/12 chicken 

spinal cords.  Our results in chicken were largely consistent with those in mice.  Neither the 

control vectors (Supplemental Fig. 3-S4) nor the loss of Smad1 (Supplemental Fig. 3-S5 A-E) 

had any effect on the number of Lhx2/9+ dI1 neurons or the Isl1/2+ dI3 neurons.  In contrast, the 

down-regulation of Smad5 resulted in a 20% decrease in the number of dI3 cells 

(Supplemental Fig. 3-S5 H-J).  The loss of both Smad1 and Smad5 resulted in no further loss 

in the number of dI3 neurons, but there was now a 25% reduction in the number of dI1 neurons 

(Supplemental Fig. 3-S5 K-O).  Moreover, although we were able to achieve up to a 20% 

decrease in the expression levels of either Smad1 or Smad5, only the knockdown of Smad5 

resulted in a loss of pSmad1/5/8 staining around the RP (data not shown and Supplemental 

Fig. 3-S2 H-J), again supporting the hypothesis that it is Smad5 and not Smad1 that is activated 

in the neuronal progenitors flanking the RP.  
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Taken together, our results in both mouse and chicken suggest that Smad5 is principally 

required for the specification of the dorsal-most fates in the developing spinal cord.  Smad1 has 

a significantly lesser role, suggesting that the R-Smads have distinct functions translating the 

diverse activities of BMP signaling from the RP. 

 

Smad1 is required to regulate dI1 axon outgrowth 

Our previous studies have shown that the type I Bmprs, specifically BmprIb, is required 

to mediate the activities of the BMP chemorepellent in the RP.  The BMPs provide directional 

guidance information, polarizing Tag1+ commissural axon growth17, as well as temporal 

guidance information, controlling the rate at which dI1 axons grow through the dorsal spinal 

cord13.  To assess which, if any, of these activities are mediated by the R-Smads, we 

determined whether Smad1 and/or Smad5 are required for dI1 (commissural) axon growth and 

guidance.  Supporting the hypothesis that Smad1, but not Smad5, may be a critical effector of 

axon dynamics, only Smad1 is present in commissural axons (arrowhead, Fig. 3-1 D and Fig. 

3-2 B), and pSmad1/5/8 activity was significantly depleted in Tag1+ commissural axons 

extending towards and across the FP in Smad1 mutants compared to littermate controls  

(p<1.1x10-12; Supplemental Fig. 3-S2 C-D). 

To assess the effect of chronically removing either Smad1 or Smad5 on axon orientation 

and/or outgrowth, we examined whether mice mutant for either Smad1 or Smad5 have defects 

in commissural axon guidance.  We used two reagents to follow the trajectory of dorsal 

commissural axons, the Tag1 antibody which broadly labels the axons of commissural neurons 

in the dorsal-most spinal cord33 and/or the Math1:tauGfp reporter line which specifically detects 

the population of commissural axons that arises from Math1+ dP1 neural progenitors51.  There is 

substantial, but not 100% overlap, between these two markers (Fig. 3-5).  The Math1 enhancer 

drives the expression of Gfp earlier and more extensively in dI1 neurons (bracket, Fig. 3-5 B), 

whereas Tag1 is initially present at lower levels in a broader swath of dorsal commissural 
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neurons (bracket, Fig. 3-5 C).  The Tag1+ and GFP+ axons extend at comparable rates through 

the intermediate spinal cord (arrowheads, Fig. 3-5 D), reaching and crossing the FP at similar 

times in development (arrowhead, Fig. 3-5 G).   

To assess whether the R-Smads mediate the ability of the BMPs to provide directional 

guidance signals, we used the in vitro reorientation assay to determine the extent to which 

control or R-Smad deficient Tag1+ commissural axons responded to the RP chemorepellent4,12.  

Explants of the dorsal spinal cord were dissected from E10.5 control or Math1::Cre; 

Smad1flox/flox;Smad5flox/flox embryos.  The commissural axon trajectory was then challenged by 

placing a RP explant, taken from an E11 rat embryo, in contact with the lateral edge of the 

dorsal spinal explant (Supplemental Fig. 3-S6).  Commissural growth cones extending 

adjacent to the appended RP grow under both its influence and that of the endogenous RP and 

the extent to which they are reoriented under these circumstances can be quantified.  

Consistent with previous observations12,17, E10.5 wild-type mouse commissural axons were 

reoriented by a rat RP explant with an average reorientation angle of 23.8º±2.8 (Supplemental 

Fig. 3-S6 A, C).  However, whereas BmprIb-/- axons are compromised in their ability to respond 

to the RP chemorepellent17, the Math1::Cre; Smad1flox/flox; Smad5flox/flox commissural axons were 

deflected to a similar extent as the controls with an average reorientation angle of 26.7º±1.85 

(Supplemental Fig. 3-S6 B-C).  However, although the angle of reorientation was normal, the 

extent of axon outgrowth was not.  After 2 days in culture, control commissural axons had 

extended within the dorsal explant an average of 80% of the distance to the ventral edge.  In 

contrast, the Smad1; Smad5 mutant commissural axons had only extended 60% of the distance 

(Supplemental Fig. 3-S6 D).  Thus, the R-Smads do not translate the ability of the BMPs to 

spatially orient axons; rather they appear to control the rate of axon outgrowth.   

We next assessed which R-Smad has a role regulating the rate of axon outgrowth in 

vivo.  Although we were unable to distinguish a difference in the extent of Tag1+ commissural 

outgrowth (Fig. 3-6 A, E, I, M), the loss of Smad1, but not Smad5, affected the trajectories of 
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dI1 axons.  Using the Math1::tauGfp reporter to label dI1 axons, we quantified the number of 

GFP+ axons that reached the FP in E10.5 control (Smad1flox/flox or Smad5flox/flox) and mutant 

(Brn4::Cre; Smad1flox/flox or Brn4::Cre;Smad5flox/flox) spinal cords.  To control for differences in the 

development of the dorsal spinal cord in the control and mutant embryos, spinal cords were 

stage matched using an independent variable, the number of Olig2+ neural progenitors44.  At 

brachial and thoracic levels of control E10.5 spinal cords, an average of 4-5 GFP+ dI1 axons 

have extended into the FP (Fig. 3-6 D, L, S).  In contrast, there are 50% fewer axons present in 

the FPs of Smad1 mutant embryos (Fig. 3-6 H, S).  A similar phenotype was also observed in 

“open book” preparations, where the spinal cord is opened dorsally to permit longitudinal 

visualization of axons extending to the FP (Fig. 3-6 Q, R, T,52).  There is also an outgrowth 

defect in the Smad5 mutant embryos with 25% fewer axons reaching the FP (Fig. 3-6 P, S).  

However, when this figure is adjusted to account for the more than 20% loss of dI1 neurons 

(Fig. 3-4 O, R), there is no significant difference (p>0.3) between the number of axons in the FP 

in Smad5 control or mutant embryos.   

Taken together, these observations suggest that Smad1, but not Smad5, regulate the 

rate of axon outgrowth in mouse embryos.  Moreover, these results support the hypothesis that 

the R-Smads have distinct functions in the spinal cord: Smad5 mediates the ability of the BMPs 

to confer dorsal cellular identity, whereas Smad1 regulates the ability of the BMPs to control the 

rate of axon outgrowth.  
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DISCUSSION 

The R-Smads, Smad1 and Smad5, regulate different processes in the dorsal spinal cord 

Previous studies have suggested that the canonical Bmpr complex mediates the 

activities of the BMPs in the RP13,17.  Here we demonstrate that two members of the canonical 

second messenger complex, Smad1 and Smad5, are also required to intrinsically translate 

some of the activities of the RP-resident BMPs.  Other studies have suggested that these two 

R-Smads function redundantly during development to mediate BMP signaling23,28,53,54.  

However, our findings suggest that they have different roles in the development of the dorsal 

spinal cord.  First, Smad1 and Smad5 have strikingly distinct expression patterns in the 

developing spinal cord: Smad5 is upregulated in neural progenitors, whereas Smad1 is 

expressed broadly in post-mitotic neurons (Fig. 3-7 A).  Second, they have different loss-of-

function phenotypes in mouse embryos: the loss of Smad5 results in the loss of pSmad1/5/8 

staining flanking the RP in E10.5 mouse embryos and reduced numbers of dorsal neurons, but 

has no effect on axon growth (Fig. 3-7 B).  In contrast, the loss of Smad1 has no effect on cell 

fate specification, but does reduce the intensity of pSmad1/5/8 staining in commissural axons in 

E11.5 mouse embryos and slows the rate of dI1 axon outgrowth (Fig. 3-7 C).  Taken together, 

these results suggest that different BMP specific R-Smads regulate dorsal cell fate 

determination and dI1 axiogenesis. 

These results suggest that the R-Smads can function in mechanistically different ways, 

since cell fate and axon guidance are generally considered to be distinct mechanistic processes.  

Cell fate specification results from global changes in the transcriptional status of the cell, whereas 

axon guidance occurs by the more local reorganization of the cytoskeleton.  The ability of the R-

Smads to mediate these two processes remains unresolved, however our results are most 

consistent with the difference being at the transcriptional level, with Smad1 and Smad5 regulating 

different target genes.  These R-Smads have been shown to regulate divergent transcriptional 

processes in other systems55,56.   Moreover, our studies demonstrate that the loss of either R-
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Smad results in a reduction in the phosphorylation of serine 463 and 465 residues 

(Supplemental Fig. 3-S2 A-G).  These phosphorylation events are required for the R-Smads to 

complex with Smad4, and thereby regulate transcription57,58.   A second, more speculative 

possibility is that the different function of the R-Smads result from specific post-translational 

modifications.  The cellular localization of the R-Smads is controlled by differential 

phosphorylation: phosphorylation of Mitogen-Activated Protein Kinase (MAPK) consensus sites 

within a conserved linker region prevents the nuclear localization of the R-Smads59,60.  When the 

MAPK phosphorylation sites were deleted from the Smad1 protein, this Smad1 isoform was 

retained at the plasma membrane and caused defects in actin remodeling61.  Smad1 has also 

been shown to interact with CD44, a membrane anchoring protein, which couples with the ERM 

complex62,63.  These observations support the model that Smad1 can interact with cytoskeletal 

effectors, however the studies were not performed with a side-by-side comparison with the 

activities of Smad5.  Thus, Smad1 and Smad5 may exert their specific activities either by 

regulating different gene sets, which suggests an unanticipated role for transcription in BMP-

mediated axon outgrowth, or Smad1 has a novel activity outside of the nucleus regulating the 

cytoskeleton. 

 

Smad5 regulates the specification of dorsal cell fate 

Smad5 is expressed at high levels in spinal neuronal progenitors and loss-of-function 

studies in both mouse and chicken embryos have demonstrated that it is required for the 

specification of the dorsal-most neural identities in the spinal cord.  Smad5 does not appear to 

specify the identity of the more ventral dorsal spinal neurons.  These results are thus in 

accordance with previous studies showing that only the fate of the dI1 and dI3 neurons are 

dependent on signals from the RP9-11.  Smad5 is required for the specification of neural 

patterning rather than differentiation: the loss of 20% of dI1 neurons in mouse embryos is 

preceded by a similar reduction in the numbers of dP1 progenitors (Fig. 3-4 R).  The dI3 
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population is most robustly dependent on Smad5 activity; up to 40% of this population was lost 

in Smad5 mutants in both mouse and chicken embryos.  Reduced numbers of dI1 neurons were 

observed when Smad5 was chronically depleted in mouse embryos, however a subset of 

chicken dI1 neurons was lost when both Smad1 and Smad5 were knocked down by RNA 

interference (Supplemental Fig. 3-S5 O)23.  This observation suggests there may be species 

differences in the requirement for BMP signaling in dorsal cell fate, i.e. since Smad1 activity can 

partially compensate for the loss of Smad5 in chicken, but not in mouse.  A second possibility is 

that the timing of R-Smad depletion may be significant.  In the mouse experiments, we depleted 

the R-Smads individually from E9.5 using the Brn4::Cre driver.  However, we were only able to 

examine the requirement for both Smad1 and Smad5 in mouse using the Math1::Cre driver line 

which is expressed by E10.  Finally, the dI1 population is specified by higher levels of R-Smad 

activity than the dI3 population.  An activity gradient of Smad1/5/8 extends from the RP through 

about half of the dorsal spinal cord in E11.5 mouse embryos (open arrowhead, Fig. 3-1 M), the 

region that contains the cells dependent on signals from the RP9.  The highest levels of 

Smad1/5/8 activity are found in the dP1 cells flanking the RP, whereas there are lower levels of 

pSmad1/5/8 in the putative dP3 cells.  Thus, the specification of dI3 neurons may require a 

lower threshold of Smad5 activation compared to dI1 neurons.  This model is supported by our 

results: limited knockdown of Smad5 in chicken only affects the dI3 neurons, which may require 

the least Smad5 activation.  Moreover, when Smad5 was more chronically depleted using the 

Brn4::Cre driver line in mouse embryos, two-fold more dI3 neurons and some dI1 neurons are 

lost.  

Previous mouse studies have shown that type I Bmpr signaling is required for the 

identity of the dorsal-most spinal neurons16.  For example, removing BmprIa function using the 

Brn4::Cre driver in combination with a null mutation in BmprIb resulted in the loss of almost all 

dI1 neurons and most of the dI2 population16.  However the dI3 neuron population, which is 

dependent on activin signaling64, was slightly increased16.  Thus, Smad5 appears to be a 
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downstream mediator of both BMP and activin signaling in the specification of identity in the 

dorsal spinal cord.  It remains unclear why the loss of R-Smad signaling did not result in a more 

severe cell fate specification phenotype similar to the type I Bmpr double mutant mice.  One 

possibility is that there are other downstream effectors that redundantly mediate BMP and 

activin signaling during the early stages of dorsal cell specification.  This effector is unlikely to 

be Smad1.  The loss of Smad1 has no obvious effect on dorsal cell identity in either mouse 

(Fig. 3-4 Q) or chicken embryos (Supplemental Fig. 3-S5 E, APPENDIX 2—Fig. 3).  In 

addition, the phenotype of the mouse and chicken Smad1; Smad5 double mutants (Fig. 3-4 S 

and Supplemental Fig. 3-S5 O) is similar to the phenotype of the loss of Smad5 alone (Fig. 3-

4 R and Supplemental Fig. 3-S5 J).  Another possibility is that we have not sufficiently reduced 

the activity of Smad5 in either our chronic or acute manipulations of mouse and chicken 

embryos.  We do not observe a complete knockdown of Smad5 activity in chicken embryos 

(Supplemental Fig. 3-S2 H-I) and conditional ablation of the R-Smads using the Brn4::Cre 

driver starts around E9.5 in mouse embryos, whereas Smad5 is abundantly expressed in the 

embryo by E7.549.  Thus, in both conditions, there may be enough lingering Smad5 activity to 

get partial dorsal neuron specification. Together, this evidence suggests that Smad5 initiates 

dorsal cell fate specification and in conjunction with other signaling proteins maintains the 

appropriate quantity of those neurons.  

Finally, our recent studies have revealed that the inhibitory (I) Smad, Smad7, has a role 

blocking the acquisition of dorsal cell fate24.  Smad7 is expressed in newly differentiating 

neurons in the intermediate spinal cord where it can promote ventral dorsal fates, such as dI4, 

at the expense of the dI1-dI3 fates24.  Thus, Smad5 and Smad7 have antagonistic roles in the 

specification of dorsal spinal identity.  This regulatory relationship remains unresolved (Fig. 3-7 

D): Smad5, but not Smad1 or Smad8, binds to the Smad binding element (SBE) found in 

Smad765 (APPENDIX 2—Fig. 4), however, we observed no increase in the number of Pax2+ dI4 

neurons in Smad5 mutants, suggesting that the loss of Smad5 does not affect the expression of 
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Smad7 in this case.  In future studies we will assess whether Smad7 functions to promote dI4 

identity by blocking the activity or transcription of Smad5 (Fig. 3-7 D). 

 

Smad1 controls axon outgrowth 

Smad1 is present in post-mitotic spinal neurons and their processes.  Our loss-of-

function studies in mouse embryos have demonstrated that Smad1 is required to regulate the 

outgrowth of dI1 axons, but does not mediate their polarization away from the RP.  This 

conclusion is supported by recent studies that demonstrate phosphoinositide-3-kinase activation 

mediates the ability of BMPs to spatially orient commissural axons66.  The outgrowth phenotype 

is only observed in dI1 axons, i.e. the commissural axons that extend from Math1+ neuronal 

progenitors.  Tag1+ commissural axons cross the FP normally in mouse Smad1 mutants (Fig. 3-

6 E) as do many RFP+ axons after Smad1 knockdown in chicken embryos (Supplemental Fig. 

3-S5 A, C).  Thus, the role of Smad1 regulating axon outgrowth appears to be confined to the 

dorsal-most population of commissural axons in the spinal cord.  

 Our previous studies have suggested that a key role of the BMP repellent is to reduce the 

rate of dI1 axon outgrowth as they grow away from the RP through the dorsal spinal cord, 

thereby ensuring that the dI1 circuit develops in concert with the rest of the embryo13.  In these 

studies, we also demonstrated that Lim kinase 1 (Limk1) is a critical intracellular effector of the 

rate of axon outgrowth.  Here, we show that the loss of Smad1 slows axon outgrowth in mouse 

embryos (Fig. 3-6 S-T), an antagonistic role to the one proposed for Limk113.  Thus, Smad1 

activation in dI1 neurons appears to positively regulate axon outgrowth rate, a function that is 

consistent with recent studies showing that reactivating Smad1 in adult mouse dorsal root 

ganglia can promote sensory axon outgrowth25,27.  However, while Limk1 acts to limit the rate of 

commissural axon growth proximally in the dorsal spinal cord, Smad1 may rather be transported 

along axons to encourage axon growth distally at a considerable distance from its original 

activation site.  This hypothesis is supported first, by the observation that the activated R-Smads 
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are present in commissural axons as they approach and then cross the FP (arrows, Fig. 3-1 M) 

as well as in post-crossing commissural axons.  Second, pSmad1/5/8 is present in vesicular-like 

puncta along the axon shafts of dissociated dI1 neurons (Fig. 3-2 E).  Thus, activated Smad1 

may be trafficked along dI1 axons to regulate growth rate.  Third, we have found that 

constitutively activating either the BMP receptor complex or Limk1 in chicken commissural 

neurons stalls axon growth proximally in the dorsal spinal cord13,17 whereas similar experiments 

with a dominant negative form of BmprIb delays commissural axon growth more distally only as 

they approach the FP (Keith Phan and S.J.B., unpublished observations). 

The mechanism by which Smad1 acts remains unclear.  Studies in Drosophila have 

shown that Mad, the R-Smad homologue, has a critical homeostatic role during synaptogenesis.  

Mad is thought to relay information by retrograde transport from the synapse to the nucleus67,68 

to regulate synapse growth transcriptionally69.  Alternately Smad1 could directly interact with the 

cytoskeleton.  Supporting this hypothesis, previous studies examining Smad1 mutant mice have 

suggested that Smad1 participates in remodeling the actin cytoskeleton61 and many of the 

pSmad1/5/8+ puncta are also decorated by the ERM complex (arrowhead, Fig. 3-2 E-F) 

suggesting that Smad1 is being anterogradely transported to dynamically extending processes.  

Thus, a threshold level of active Smad1 is required for the initial extension of dI1 axons away 

from the RP and Smad1 may be subsequently transported along dI1 axons to maintain a tightly 

controlled rate of outgrowth.  Future studies will determine whether Smad1 functions to regulate 

the transcription of genes controlling axon elongation as well as determining whether Smad1 

has a role regulating commissural synaptogenesis. 

Finally, our recent studies in chicken embryos have revealed that the I-Smad, Smad6, 

also regulates the rate of dI1 outgrowth24.  Smad6 is expressed in post-mitotic dI1 neurons 

about a day after Smad1 is first expressed and acts to slow the rate of growth24.  Thus, similar 

to the relationship of Smad5 and Smad7 in the specification of cell fate, Smad6 and Smad1 

have antagonistic roles regulating axon outgrowth.   Previous studies70 have suggested that 
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Smad6 directly inhibits the activity of Smad1 (Fig. 3-7 D), making it possible that Smad6 acts to 

terminate the role of Smad1.  In summary, these results are the first to demonstrate a role for 

the R-Smads shaping the trajectories of neural circuits in the developing vertebrate central 

nervous system.  

 

Unified model for the differential translation of BMP signaling in dorsal neurons 

How does a single class of molecular signals specify highly divergent aspects of neuronal circuit 

formation?  Taken together with our recent studies,17,24,71 we have determined that these activities 

are differentially translated at both the receptor and second messenger level in dorsal spinal 

neurons.  Thus, a shared activity of the type I Bmprs mediates the specification of the dorsal-most 

cell fates primarily through the Smad5 intermediate.  In contrast, the activation of BmprIb alone 

regulates rate of growth of commissural axons, by activating Limk1 and (putatively) Smad1.  

Future studies will resolve whether Smad1 has a novel activity orchestrating cytoskeletal 

dynamics with Limk1 or whether the role of Smad1 reflects a requirement for transcriptional 

regulation during the formation of neural circuits.   
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FIGURES 

Figure 3-1  

 

Figure 3-1: R-Smads are present and active in distinct regions in the developing spinal 

cord. 

(A-M) Transverse sections of the spinal cord taken from mouse embryonic stage (E) 10.5 (J and 

K), E11.5 (A-C and L-M) and rat E13 (D-I) embryos.  

(A-C)  In situ hybridization experiments for Smad1 (A), Smad5 (B) and Smad8 (C).  Smad1 is 

most highly expressed in many post-mitotic cells in the spinal cord (dotted outline, A).  In 
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contrast, Smad5 is expressed at highest levels throughout the ventricular zone (dotted line, B).  

Smad8 does not show any reliable signal in the developing spinal cord (C).  

(D-I) The distribution of Smad1, Smad5 and Smad8 proteins is similar to the expression 

patterns of the Smad1, Smad5 and Smad8 genes respectively.  Smad1 is present in many post-

mitotic neurons (E), including the Tag1+ commissural neurons extending axons across the floor 

plate (arrowhead and inset, D).  Smad5 protein is located in neural progenitor cells in the 

ventricular zone (G) and is absent from Tag1+ commissural neurons (arrowhead and inset, F).  

Smad8 is not detectable in the mouse embryonic spinal cord (H-I).  

(J-M) Antibodies against the activated form of the R-Smads, phosphorylated (p) Smad1/5/8 

(red, J and L), label the most dorsal progenitor cells immediately adjacent to the roof plate in 

mouse E10.5 embryos (arrowhead, K).  These cells continue to be labeled by anti-pSmad1/5/8 

antibodies at E11.5 (open arrowhead, M).  pSmad1/5/8 is now also present in the Tag1+ 

commissural axons (arrows, M) and post-crossing axons (arrowhead, M). 

Scale bar: 80µm. 
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Figure 3-2 

 

Figure 3-2: Smad1 is present and active in dI1 growth cones.  

(A-F) Cultures of dissociated commissural neurons taken from E11 (A-C) or E13 (D-F) rat spinal 

cords, labeled with antibodies against Smad1 (red, A and B), pSmad1/5/8 (red, D and E), the 

ERM complex (green, A, C, D and F) and type III β-tubulin (Tuj1, blue, A and D).  Smad1 is 

present at high levels in the soma and axon shaft (arrowhead, B) and at lower levels in the 

growth cone (arrow, B).  Some of the Smad1 protein may be activated; pSmad1/5/8 is present 

in the nucleus and has a punctate distribution in both the axon shaft (arrowhead, magnified 

panel, E) and growth cone consistent with the active form of the R-Smads being transported 

along the axons.  

Scale bar: 10µm. 
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Figure 3-3 

 

Figure 3-3:  The Brn4::Cre line results in the expression of genes in Tag1+ commissural 

neurons. 

(A-I) The Brn4::Cre line can drive the expression of yellow fluorescent protein (YFP) throughout 

the spinal cord when crossed to the Cre reporter strain, Rosa26R(lox-stop-lox)::Yfp.  Transverse 

spinal sections, taken from E9.5 (A-F) and E10.5 (G-I) Brn4::Cre; Rosa26R::Yfp embryos, were 

labeled with antibodies against Cre (red, A, B, D, E, G and H) and GFP (green, A, C, D, F, G 
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and I).  Cre-mediated activation of YFP begins ventrally at the most caudal levels of the thoracic 

E9.5 spinal cord (C) and persists through stage E11.5 (data not shown).   

Scale bar: A-F, 25µm; G-I, 80µm. 
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Figure 3-4 

 

Figure 3-4:  Chronic loss of Smad5, not Smad1, results in a loss of dI1 and dI3 neurons.  

(A-P)  Transverse sections of E10.5 control, Smad1flox/flox (A-D) or Smad5flox/flox (I-L), or mutant, 

Brn4::Cre; Smad1flox/flox (E-H) or Brn4::Cre; Smad5flox/flox
 (M-P), spinal cords labeled with 

antibodies against Math1, to detect dP1 cells (B, F, J and N), Lhx2/9 (green, A, C, E, G, I, K, M 

and O) and Isl1 (red, A, D, E, H, I, L, M and P).  

(A-H and Q)  The functional inactivation of Smad1 had no significant effect on the number of 

Math1+ dP1 (B and F), Lhx2/9+ dI1 (A, C, E and G), Isl1+ dI3 or MNs (A, D, E and H) compared 

to control littermates.  In Smad1 mutant embryos there is no loss of dP1 cells (Q; p>0.17, 

probability different from control, Student’s t-test; control, n=56 sections from 5 embryos; 

mutant, n=66 sections from 6 embryos), dI1 neurons (Q; p>0.2, control, n=35 sections from 6 

embryos; mutant, n=42 sections from 6 embryos) and or dI3 neurons (Q; p>0.23; control, n=22 

sections from 3 embryos; mutant, n=25 sections from 3 embryos).  There was also no difference 
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in the number of Isl1+ MNs (Q; p>0.69, control, n=22 sections from 3 embryos; mutant: n=24 

from 3 embryos) suggesting that the littermates were at comparable stages of development. 

(I-P and R) In contrast, the functional inactivation of Smad5 results in a profound loss of dorsal 

neurons.   Mutant embryos show a greater than 20% decrease in the number of both dP1 cells 

(R; p<1x10-5; control, n=97 sections from 5 embryos; mutant, n=60 sections from 4 embryos) 

and dI1 neurons (R; p<0.011, control, n=39 sections from 5 embryos; mutant, n=20 sections 

from 4 embryos) and an almost 40% decrease in dI3 neurons (R; p<1.4x10-4; control, n=39 

sections from 6 embryos; mutant, n=20 sections from 5 embryos) than control embryos.  There 

was no significant difference in the number of Isl1+ MNs (R; p>0.06, control, n=40 sections from 

6 embryo; mutant, n=20 sections from 5 embryos).  

(S) The functional inactivation of both Smad1 and Smad5 using the Math1::Cre driver line 

results in a similar phenotype to the loss of Smad5 alone.  Double mutant embryos show a 25% 

decrease in the number of dP1 cells (S; p<0.023; control, n=21 sections from 2 embryos; 

mutant, n=27 sections from 2 embryos) and a 30% decrease in the number of dI1 neurons (S; 

p<0.0052, control, n=14 sections from 2 embryos; mutant, n=12 sections from 2 embryos).  

There was no significant difference in the number of Isl1+ MNs (S; p>0.12, control, n=22 

sections from 2 embryo; mutant, n=16 sections from 2 embryos).  

Scale bar:  50µm. 



117 

Figure 3-5 

 

Figure 3-5: Tag1+ commissural axons and Math1+ dI1 axons grow at a similar rate. 

(A-I) Transverse sections of E10.5 spinal cords from Math1::tauGfp embryos labeled with 

antibodies against GFP to label the axons from the Math1+ neurons (green, A, B, D, E, G and H) 

and Tag1, to detect commissural axons (red, A, C, D, F, G and I).  These antibodies also 

transiently label the motor columns.  Sections were taken from different levels of the spinal cord 

along the rostral-caudal axis: thoracic (A-C), caudal brachial (D-F) and rostral brachial (G-I).  

Both GFP+ and Tag1+ axons are in the process of projecting through the transverse plane of the 

spinal cord.  There is considerable (but not 100%) overlap between GFP+ and Tag1+ axons with 
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both populations progressing to the floor plate (FP) over a similar time course (arrowheads, A, D 

and G). 
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Figure 3-6 
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Figure 3-6: Chronic loss of Smad1, but not Smad5, decreases dI1 axon outgrowth. 

(A-R) Transverse sections or longitudinal “open book” preparations of either control, 

Smad1flox/flox (A-D, Q) and Smad5flox/flox (I-L) or mutant, Smad1flox/flox (E-H, R) and Smad5flox/flox
 (M-

P) in combination with the Brn4::Cre driver, spinal cords labeled with antibodies against Tag1, to 

detect dorsal commissural axons (red, A, E, I and M), and Olig2 (red, B, C, F, G, J, K, N, O, Q, 

R) as an independent measure of spinal differentiation that was used to normalize extent of 

development between sections.  The dI1 axons were detected using a genetically encoded 

reporter, Math1::tauGfp present in all embryos (green, A, B, D-F, H-J, L-N, P-R).  This reporter 

line also transiently labels the motor column.   

(A-H, Q-T) At brachial levels of E10.5 Smad1 control embryos, some GFP+ dI1 axons have 

reached the FP (dotted region, D).  In contrast, almost 50% fewer GFP+ Smad1 mutant dI1 

axons have extended to the FP (dotted region, H; probability of similarity with control, p<4x10-3, 

Student’s t-test; control, n=33 sections from 6 embryos; mutant, n=29 sections from 5 embryos).  

This phenotype was also observed in open book preparations of E11.5 spinal cord taken at 

lumbar levels (developmentally similar to E10.5 brachial levels).  Over 60% fewer axons have 

entered the FP in Smad1 mutants (n=37 100µm segments from 3 embryos, R) compared to 

controls (p<4x10-5, n=36 100µm segments from 2 embryos, Q). 

(I-P and S). Similarly, some GFP+ dI1 axons have reached the FP in E10.5 Smad5 control 

embryos (dotted region, L).  There are 25% fewer dI1 axons in FPs of Smad5 mutants (dotted 

region, P).  However after adjusting this number to account for the 20% of dI1 neurons that are 

missing (Fig. 4R), there is no statistically significant difference in the number of dI1 axons in the 

FP in the control and mutant embryos (p>0.3; control, n=54 sections from 6 embryos; mutant, 

n=39 sections from 5 embryos, S). 

Scale bar:  A-P, 25µm; Q, R 30µm 
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Figure 3-7 

 

Figure 3-7:  Model for the action of the Smads in the developing spinal cord.  

(A) Schematic transverse section of a normal developing spinal cord.   On the left side of the 

spinal cord: discrete groups of dorsal neurons are born flanking the roof plate (RP), these 

neurons include the dI1 (red) and dI3 (blue) classes of interneurons.  On the right side of the 

spinal cord:  dI1 neurons have extended axons, which are in the process of projecting towards 

the floor plate (FP). 

(B) The loss of Smad5 affects the acquisition of cell fate, but does not perturb the trajectory of 

dI1 axons. 

(C) In contrast, the loss of Smad1 has no effect on the specification of dorsal cell fate but does 

modulate the extent of dI1 axon outgrowth. 

(D) The type I Bmprs are activated upon BMP binding, which results in the activation of Smad5 

to mediate cell fate decisions and Smad1 to regulate the extent of axon outgrowth.  Our recent 

studies have shown that the I-Smads, Smad6 and Smad7, have antagonistic roles regulating 

cell fate and axon guidance decisions (Hazen et al., 2011), suggesting that Smad7 may target 

Smad5 and Smad6 may specifically inhibit Smad1. 
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SUPPLEMENTAL FIGURES  

Supplemental Figure 3-S1 

 

Supplemental Figure 3-S1: Antibodies against Smad1, Smad5 and Smad8 do not cross 

react with other R-Smad proteins.  

(A-I) COS7 cells were transfected with the BMP specific R-Smads, Smad1 (A, D and G), Smad5 

(B, E and H) and Smad8 (C, F and I) and labeled with antibodies against Smad1 (red, A-C), 

Smad5 (red, D-F) or Smad8 (red, G-I).  Each R-Smad antibody only detects the appropriate R-

Smad protein.  The R-Smads were tagged with the FLAG epitope (green, A-I), demonstrating 

that transfection is effective in all cases. 

 (J-K) The Smad1 antibody decorates many post-mitotic cells and their processes in the 

developing spinal cord, including the dI1 cells and motor neurons (J).  This staining pattern can 

be blocked by the addition of Smad1 protein (K), but not vehicle (J). 
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Scale bar: A-I, 10µm; J-K, 50µm. 
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Supplemental Figure 3-S2 

 

Supplemental Figure 3-S2: The loss of specific R-Smads reduces R-Smad activity in 

spatially distinct regions of the spinal cord. 

(A-F) Transverse sections of dorsal spinal cord from E10.5 (A, B, E, F) or E11.5 (C, D) control 

Smad1flox/flox (A, C) or Smad5flox/flox (E), and mutant Smad1flox/flox (B, D) or Smad5flox/flox
 (F) in 
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combination with the Brn4::Cre driver, labeled with antibodies against phosphorylated (p) 

Smad1/5/8.  In E10.5 embryos, only the loss of Smad5 results in a decrease in pSmad1/5/8 

staining flanking the RP (arrowhead, B, F).  However, in E11.5 embryos, the loss of Smad1 

results in a substantial decrease in pSmad1/5/8 in the commissural axons before (arrow, C, D) 

and after (arrowhead, C, D) crossing the FP.  

(G) Quantification of pSmad1/5/8 levels in E10.5 Smad1 control (n=28 sections from 2 embryos) 

and mutant embryos (n=26 sections from 2 embryos), E10.5 Smad5 control (n=44 sections from 

3 embryos) and mutant embryos (n=38 sections from 3 embryos), and E11.5 Smad1 control 

(n=34 sections from 3 embryos) and mutant embryos (n=38 sections from 3 embryos).  Where 

there is no significant difference (p>0.37, Student’s t-test) between the intensity of pSmad1/5/8 

staining in E10.5 Smad1 control and mutant embryos, the loss of Smad5 results a 20% 

decrease in R-Smad activity (p<3.9x10-5) compared to controls.  Moreover, at later stages, there 

is a 40% decrease in R-Smad activity (p<1.1x10-12) in commissural axons (arrows, C, D) in 

E11.5 Smad1 mutants compared to controls. 

(H, I) The expression of Smad5 shRNAi (green, H) results in the loss of R-Smad activity (red, H, 

I) in the cells flanking the RP on the electroporated side (arrowhead, I) of HH stage 25 chicken 

embryos.  

(J) Quantification of pSmad1/5/8 levels on the electroporated side compared to the control non-

electroporated side of the embryo, demonstrated that Smad1 knockdown has no significant 

effect on the levels of pSmad1/5/8 (p>0.28; n=33 sections from 1 embryo), whereas Smad5 

knockdown results in a 20% decrease in R-Smad activity (p<0.0033, n=36 sections from 1 

embryo). 

Scale bar: 20 µm. 
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Supplemental Figure 3-S3 

 

Supplemental Figure 3-S3: The loss of Smad1 and Smad5 has no effect on the identity of 

Pax2+ interneurons. 

(A-E) There is no observable difference in the number of Pax2+ cells in the presence or 

absence of Smad1 or Smad5.  Transverse sections were taken from brachial or thoracic levels 

of the spinal cord from E10.5 Smad5flox/flox (control, A), Brn4::Cre; Smad5flox/flox (Smad5 mutant, 

B), Smad1flox/flox and Brn4::Cre; Smad1flox/flox (Smad1 mutant, C and data not shown) embryos 

and labelled with antibodies against Pax2 (red) and Olig2 (green).  

(C) The average number of Pax2+ cells in either the dorsal population of dI4 interneurons or the 

more ventral dI6 – v1 interneurons is statistically similar in control (n=41 sections from 3 

embryos), Smad5 mutant (Student’s t-test: dI4, p>0.33; dI6-v1, p>0.43; n=38 sections from 3 

embryos) and Smad1 mutant (dI4, p>0.40; dI6-v1, p>0.51; n=13 sections from 2 embryos) 
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embryos.  Sections were standardized using the number of Olig2+ cells to normalize the extent 

of development between embryos. 

(D, E) The numbers of either the Pax2+ dI4 (D) or dI6-v1 (E) population were also plotted as a 

function of Olig2+ cell number.  A logarithmic regression analysis reveals no difference between 

the distribution of Pax2+/Olig2+ cells in sections from control or Smad1/Smad5 mutant embryos. 

Scale bar: 25µm 
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Supplemental Figure 3-S4 

 

Supplemental Figure 3-S4: Electroporation of empty RNAi vectors has no effect on dorsal 

cell fate or axon guidance. 

(A-H) HH stages 10/11 chicken embryos were in ovo electroporated with the two empty RNAi 

vectors used as controls for the studies knocking down the expression of Smad1 (U6::empty 

vector-RFP, red, A, B, E and F) and/or Smad5 (U6::empty vector-GFP, green, A, C, E and G).  

Embryos were taken for analysis at HH stage 24 and labeled with antibodies against Lhx2/9 to 
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detect commissural (dI1) neurons (blue, A and D) and Isl1/2 to detect association (dI3) and 

motor neurons (MNs) (E and H). 

(I) Quantification showed that the electroporation of the RNAi empty vectors had no significant 

effect on the number of dI1 (p>0.35, Student’s t-test n=20 sections from 3 embryos), dI3 

(p>0.22, n=25 sections from 3 embryos) and MNs (p>0.28, n=25 sections from 3 embryos) on 

the electroporated side compared to the control non-electroporated side. 

Scale bar: 60µm. 
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Supplemental Figure 3-S5 

 
Supplemental Figure 3-S5:  Acute loss of Smad5, but not Smad1, results in dorsal cell 

fate defects.  

(A-O) Hamburger Hamilton (HH) stage 11/12 chicken embryos were in ovo electroporated with 

either short hairpin (sh) micro RNAs directed against either Smad1 (U6::shRNA(Smad1)-RFP, 

A-D) or Smad5 (U6::shRNA(Smad5)-GFP, F-I) under the control of the U6 promoter.  This RNA 

interference (RNAi) vector includes either RFP (red, A, C, K and M) or GFP (green, F, H, K and 

M) sequences to permit the efficacy of vector delivery to be monitored.   Embryos were taken for 

analysis at HH stage 23-25 and labeled with antibodies against Lhx2/9 to detect commissural 

(dI1) neurons (blue, A, B, F, G, K and L) and Isl1/2 to detect association (dI3) and motor 

neurons (MNs) (C, D, H, I, M and N). 
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(A-E) The loss of Smad1 had no effect on the number of dI1s (A and B), dI3s or MNs (C and D).  

Statistically similar numbers (Student’s t-test, dI1: p>0.11, n=130 sections from 4 embryos; dI3: 

p>0.41, n=64 sections from 3 embryos; MNs: p>0.48, n=44 sections from 2 embryos) of 

neurons were observed on the electroporated (EP) and non-electroporated (non-EP) sides of 

the spinal cord (E). 

(F-J)   Similarly, the loss of Smad5 did not affect the number of Lhx2/9+ dI1 neurons or Isl1/2+ 

MNs (J; probability of similarity with non-electroporated control side, dI1s: p>0.06, n=93 sections 

from 4 embryos; MNs: p>0.2, n=67 sections from 3 embryos).  However, the loss of Smad5 

results in over a 20% decrease in the number of Isl1/2+ dI3 neurons (arrowhead, I; probability of 

similarity with non-electroporated control side, p<8.4x10-5, n=67 sections from 3 embryos).  

(K-O)  When the levels of both Smad1 and Smad5 were reduced by RNAi, there is a marked 

decrease in both Lhx2/9+ dI1 (K and L) and Isl1/2+ dI3 (M and N) cells.  Over 25% of dI1s are 

lost on average (O, probability of similarity with control p<1.1x10-10, n=107 sections from 7 

embryos), whereas approximately 20% of dI3 neurons were absent (O, p<0.0011, n=79 

sections from 4 embryos).  There was no effect on the number of Isl1/2+ MNs (p>0.06, n=60 

sections from 2 embryos). 

Scale bar:  50µm. 
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Supplemental Figure 3-S6 

 

Supplemental Figure 3-S6:  The loss of Smad1 and Smad5 has no effect on commissural 

axon orientation. 

(A, A’) Tag1+ commissural axons growing within E10.5 control (Smad1flox/flox; Smad5flox/flox) 

mouse dorsal spinal cord explants are reoriented by laterally positioned E11 rat RP explant.  

Many axons have reached the most ventral edge of the explant. 

(B, B’) Commissural Tag1+ axons deficient in Smad1 and Smad5 (Math1::Cre; Smad1flox/flox; 

Smad5flox/flox) are reoriented by a rat RP explant to a similar degree, however the axons have not 

extended as robustly within the explant. 

(C) Histogram of the average angles of reorientation.  Tag1+ commissural axons growing within 

control mouse dorsal spinal cord explants (n=12 explants) are deflected by a statistically similar 

23.8º±2.8 s.e.m average angle of reorientation to the 26.7º±1.85 s.e.m average reorientation 

angle of Smad1; Smad5 mutant littermates (p>0.22, Student’s t-test, n=8 explants). 

(D) Histogram of the extent of axon outgrowth within the dorsal explant.  Tag1+ axons in control 

explants have, on average, grown approximately 80% of the distance towards the ventral edge 
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of the explant (n=22 explants).  In contrast, Tag1+ Smad1; Smad5 mutant axons have grown a 

25% shorter distance (p<3.5x10-5 significantly different than control, n=12 explants). 

Scale bar: 80µm. 
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APPENDICIES 

APPENDIX 1: BMP expression 

 Although not imperative to the conclusions made in the main text, I performed additional 

experiments relevant to Chapter 2 regarding the expression and regulation of BMP signaling in 

our experimental paradigms. We wanted to understand the specificity of our BMP manipulations 

and whether adding a particular BMP increased expression of only that BMP. In our in vivo 

experiments we observed that misexpression of a particular BMP results in its specific increase 

in expression on the electroporated side of the spinal cord (APPENDIX 1—Fig. 1). The results 

from our in vitro studies were less clear but overall suggest that addition of a particular BMP 

does not typically increase expression of that BMP, but rather has small effects on the 

expression of other BMPs (APPENDIX 1—Fig. 2). However, there were no robust differences in 

BMP expression of BMP-treated mESCs compared to the retinoic acid (RA) control suggesting 

that BMPs may have little activity in each other's regulation.  

 Additionally, in our in vivo studies in chapter 2 we observed differences in the ability of 

the BMPs to direct distinct progenitor identities and we wanted to evaluate the expression of 

these progenitor markers in vitro. We observed significant differences in the expression of 

atoh1, ngn1 and ascl1 in mESCs treated with different BMPs (APPENDIX 1—Fig. 3). While we 

observed little activity with BMP7 in our other in vitro studies, there was a significant increase in 

the ability of BMP7 to direct the ngn1+ dP2 and ascl1+ dP3-5 progenitor identities, which is 

consistent with the ability of BMP7 to promote dorsal progenitor patterning in vivo. BMP4 did not 

increase the expression of any of the dorsal progenitor markers, consistent with the in vivo 

evidence that BMP4 is primarily acting as a differentiation signal. Interestingly, BMP5 decreased 

expression of the most-dorsal progenitor markers, suggesting that it may have a unique activity 

on progenitor maintenance from the other BMPs.  
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APPENDIX 1—Figure 1 

 

APPENDIX 1—Figure 1: Bmp misexpression increases expression of a specific BMP  

(A-F) Chicken spinal cords were electroporated with Gfp (A, D), Bmp4 (B, E) or Bmp7 (C, F) at 

HH stage 15, collected at HH stage 25 and processed for in situ hybridization for Bmp4 (A-C) or 

Bmp7 (D-F).  

(A-C) Misexpression of Bmp4 (B, n=63 sections from 4 embryos) but not Bmp7 (C, n=20 

sections from 2 embryos) or Gfp (A, n=73 sections from 2 embryos) results in an increase in 

Bmp4 expression on the electroporated side of the spinal cord. Bmp7 misexpressed embryos 

appear to have decreased levels of Bmp4 expression on the electroporated side (C).  

(D-F) Misexpression of Bmp7 increases Bmp7 expression along the electroporated side of the 

spinal cord (F, n=18 sections from 2 embryos). Bmp4 misexpression increases the ectopic RP 

and appears to increase Bmp7 specifically in that domain (arrows E, n=12 sections from 1 

embryo) but not along the length of the electroporated side. Gfp electroporation has no affect on 

Bmp7 expression (D, n=7 sections).  
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APPENDIX 1—Figure 2 

 

APPENDIX 1—Figure 2: BMP addition to mESCs does not increase the expression of a 

particular BMP  

(A-H) Expression of Bmp genes in BMP-treated mouse embryonic stem cells using qRT-PCR 

(A-D) and in situ hybridization (E-H).  
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(A-D) In mESCs, addition of a particular BMP does not necessarily increase expression of that 

BMP. The addition of BMP6 and BMP7 increased BMP4 expression (A) while BMP4 addition 

decreased expression of BMP6 (C) and BMP7 (D). Addition of any BMP increased BMP5 

expression (B) (n=4 independent experiments).   

(E-H) Using in situ hybrization with BMP probes and a qualitative intensity scale (1=lowest; 

4=highest), staining intensity was used to evaluate relative BMP expression. Intensity values 

were then normalized to the RA control. BMP addition did not appear to result in the specific 

activation of a particular BMP. However, this negative result may be due to the technical 

challenges of using in situ hybridization to evaluate staining in a cell cluster rather in the context 

of the tissue (n=3 independent experiments).  

Probability of similarity between control and experimental groups, *=p<0.05, ** p<0.005, *** 

p<0.0005, Student’s t-test.  
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APPENDIX 1—Figure 3 

 

APPENDIX 1—Figure 3: Different BMPs direct distinct progenitor identities in vitro 

(A-C) Relative fold expression of the progenitor markers, atoh1, ngn1 and ascl1 in BMP-treated 

mouse embryonic stem cells analyzed using qRT-PCR (n=2 independent experiments/BMP).  

(A) Neither BMP4 nor BMP7 significantly increase the expression of atoh1, a marker of the dP1 

population. However, this result may be due to the large variability of expression in BMP4 and 
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BMP7 treated samples. BMP5 significantly reduces the expression of atoh1 compared to the RA 

control throughout the time course.  

(B) BMP7 significantly increases ngn1 expression, a marker for the dP2 and several ventral 

progenitor populations, at day 12 of differentiation. BMP5 decreases expression of ngn1 at days 

9 and 12. BMP4 had no significant effect on ngn1 expression.  

(C) BMP7 significantly increases ascl1 expression, a marker for the dP3-5 domain and some 

ventral progenitors, at day 12 of differentiation. BMP4 and BMP5 had no difference in ascl1 

expression compared to control.  

Probability of similarity between control and experimental groups, *=p<0.05, ** p<0.005, *** 

p<0.0005, Student’s t-test.  
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APPENDIX 2: R-Smad expression and activity 

 The combined results from Chapters 2 and 3 raised questions regarding BMP regulation 

of Smad signaling and led us to ask whether specific BMP ligands may preferentially regulate 

levels of Smad activity. First, we wanted to understand how expression of R-Smads in the 

mESC differentiation protocol used in Chapter 3 compares to endogenous expression in the 

embryonic spinal cord (APPENDIX 2—Fig. 1). Our results suggest that Smad expression in our 

in vitro studies mimic endogenous Smad expression during the relevant stages of embryonic 

development.  Therefore, we used our mESC differentiation protocol to assess pSmad 

activation and observed that different BMPs are able to increase the pSmad1/5/8 staining to 

different levels (APPENDIX 2—Fig. 2). While this result suggests that the BMP ligands uniquely 

activate the levels of Smad signaling, since this is a pan-Smad antibody, it does not clarify 

whether the different BMPs activate distinct Smad proteins.  

Next, we utilized constitutively activated (ca) Smad constructs1 and chicken in ovo 

electroporation to assess the effects of Smad1 and Smad5 on dorsal IN identity. Our results 

from this study partly support the findings from our in vivo mouse experiments in chapter 3. As 

shown in chapter 3, Smad1 does not promote dorsal identity, so when we constitutively 

activated Smad1 we observed a decrease in the BMP-dependent dI1-3s and an increase in the 

BMP-independent dI4 population (APPENDIX 2—Fig. 3). This result may suggest that the axon 

guidance activity of an over-activated Smad1 is promoted at the expense of the differentiation 

activity of endogenous Smad5, perhaps due to the competitive binding with Co-Smad4. 

However, we did not examine the effects of CaSmad1 on axon guidance in this experiment. 

Unexpectedly, the constitutive activation of Smad5 had no effect on cell fate, despite clear 

evidence that Smad5 regulates dI1-3 fate in chapter 3 (APPENDIX 2—Fig. 3). These somewhat 

contradictory results may be due to the efficiency of caSmad construct activity; constitutive 

activation of Smad signaling at a hyperphysiological level may be acting more like a dominant 

negative construct if it is depleting the pool of endogenous Smad4 to which Smad1 or Smad5 
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can bind. Future studies should evaluate misexpression of caSmad constructs in combination 

with Smad4 as well as the misexpression of the R-Smad genes, which are not constitutively 

activated.   

Ultimately, we want to better understand how the different BMPs target Smads to 

regulate transcription, which then directs either neuronal specification or axon guidance. We 

performed a chromatin immunoprecipitation (ChIP) assay on mESCs to determine whether 

distinct R-Smads target specific inhibitory (I) Smads, as previous studies demonstrated that I-

Smad7 negatively regulates dorsal IN fate2 reciprocal to the activity of Smad5. The results of the 

ChIP experiment demonstrated that Smad5, over Smad1, preferentially binds to the Smad 

Binding Element (SBE) of the Smad7 promoter, likely targeting it for activation (APPENDIX 2—

Fig. 4). Interestingly, this result was most robust in the absence of BMP protein addition, where 

retinoic acid (RA) directed EBs to become intermediate spinal identities, corresponding to the 

region of the spinal cord where Smad7 is most-strongly expressed2. Future studies using ChIP 

sequencing should evaluate whether the R-Smads target different subsets of genes to regulate 

cell fate or axon guidance.  
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APPENDIX 2—Figure 1 

 

APPENDIX 2—Figure 1: Expression of R-Smads in the mouse embryonic spinal cord and 

mouse embryonic stem cells.  

(A-B) RNA was collected from mouse embryonic spinal cords (A) and mouse embryonic stem 

cells (B) and then processed for qRT-PCR for expression of Smad1 and Smad5.  

(A) Mouse embryonic spinal cords express R-Smads throughout embryonic development.  

Smad1 increases over time, while Smad5 peaks during peaks at embryonic day (E) 12.5 during 

this range of time (A).  

(B) Mouse ESCs directed toward dorsal spinal IN identity using BMP4 increase expression of R-

Smads in a similar manner to the mouse embryonic spinal cord.  
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APPENDIX 2—Figure 2 

 

APPENDIX 2—Figure 2: Different BMPs have distinct abilities to activate the 

phosphorylated R-Smads.  

(A-E) Mouse ESCs were treated with different concentrations and combinations of BMPs and 

then processed for immunohistochemistry with a pSmad antibody (A-D). BMP4 (B, E) and 

BMP7 (C, E) alone resulted in an increase in pSmad staining, but the combined addition of 

BMP4 and BMP7 resulted in the most dramatic increase of pSmad activity (n=1 experiment). 

This result suggests that different BMP ligands have specific abilities to activate the pSmads to 

different levels.   

 Probability of similarity between control and experimental groups, *=p<0.05, ** p<0.005, *** 

p<0.0005, Student’s t-test.  
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APPENDIX 2—Figure 3 

 

APPENDIX 2—Figure 3: Constitutively activated (ca) R-Smads have unique effects on 

dorsal cell fate.  

(A-E) Chicken spinal cords were electroporated with Gfp (A, D, G, J), caSmad1 (B, E, H, K) or 

caSmad5 (C, F, I, L) at HH stage 15, collected at HH25 and processed for 

immunohistochemistry with antibodies against Lhx2 (A-C), Lhx1/5 (red, D-F) Pax2 (green, D-F; 

red, J-L), Isl1 (green, G-I), Tlx3 (red, G-I) and Bhlhb5 (green, J-L). The electroporated side of 

the spinal cord is always on the right side and the control is on the left.  
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(A-C) Misexpression of caSmad1 (B, n=48 sections from 6 embryos) but not Gfp (A, n=46 

sections from 3 embryos) or caSmad5 (C, n=34 sections from 4 embryos) significantly reduces 

the number of dI1 neurons.  

(D-F) Misexpression of caSmad1 (E, n=33 sections from 5 embryos) but not Gfp (D, n=10 

sections from 1 embryo) or caSmad5 (F, n=33 sections from 3 embryos) significantly reduces 

the number of dI2s. 

(G-I) Misexpression of caSmad1 (H, n=44 sections from 7 embryos) but not Gfp (G, n=10 

sections from 1 embryo) or caSmad5 (I, n=33 sections from 4 embryos) significantly reduces 

the number of dI3s. 

(J-L) Only caSmad1 (K, n=23 sections from 5 embryos) was sufficient to increase the dI4 

population. Neither CaSmad5 (L, n=39 sections from 4 embryos) or Gfp (G, n=17 sections from 

2 embryos) had an effect.  

(G-I, J-L) None of the constructs were sufficient to change the number of dI5s (CaSmad1: H, 49 

sections from 6 embryos; CaSmad5: I, n=33 section from 4 embryos; Gfp: n=12 sections from 1 

embryo) or dI6s (CaSmad1: 23 sections from 5 embryos; CaSmad5: L, n=39 sections from 3 

embryos, Gfp: J, n=15 sections from 2 embryos).  

Number of cells per group were counted using ImageJ software and normalized to the control 

side of the spinal cord. Probability of similarity between control and experimental groups, 

*=p<0.05, ** p<0.005, *** p<0.0005, Student’s t-test.  
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APPENDIX 2—Figure 4 

 

APPENDIX 2—Figure 4: R-Smads specifically target I-Smads for activation.  

Mouse ESCs were directed toward spinal identity using retinoic acid (RA), treated with BMP4 to 

dorsalize and then processed for chromatin immunoprecipitation (ChIP) (RA, n=1 experiment; 

BMP4, n=2 independent experiments). The Smad binding element (SBE) in the promoter region 

of the I-Smad, Smad7, was analyzed using qPCR for binding of Smad1 and Smad5 antibodies. 

There appears to be preferential binding of Smad5 to the Smad7 promoter, both with and 

without BMP4 addition, suggesting that it specifically targets Smad7 for activation. As the 

different R-Smads have specific activities in dorsal spinal development, this result suggests that 

it is due to the activation of a distinct subset of genes.  

Probability of similarity between control and experimental groups, *=p<0.05, ** p<0.005, *** 

p<0.0005, Student’s t-test.  
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APPENDIX 3: Wnt signaling 

 Wnt genes are also expressed in the dorsal spinal cord. Since Wnt signaling is involved 

in the appropriate proliferation of dorsal progenitors3, we wondered if the BMPs are involved in 

the regulation of Wnt signaling during dorsal spinal development. Using in ovo electroporation 

we misexpressed Bmp4 to evaluate the consequences on the Wnt target gene, Sp8. As 

anticipated from our results in chapter 2, which demonstrated that BMP4 promotes 

differentiation, we see a reduction in the expression of Sp8 in Bmp4 misexpressed embryos 

(APPENDIX 3—Fig. 1). However, since Sp8 is expressed in the ventral spinal cord it is unclear 

whether BMP4 misexpression is directly reducing Wnt signaling or if the change in Sp8 

expression is a secondary consequence of BMP4 suppressing ventral fates. In the future the 

effects on other Wnt target genes, such as Axin2, should be evaluated after BMP 

misexpression. This experiment provides some evidence that the BMP and Wnt signaling 

pathways may interact during spinal cord development and future studies should evaluate the 

cross regulation of these pathways.  
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APPENDIX 3—Figure 1 

 

APPENDIX 3—Figure 1: BMP misexpression downregulates the Wnt target gene Sp8. 

(A-C) Chicken spinal cords were electroporated with Gfp (A) or Bmp4 (B) at HH stage 15, 

collected at HH25 and processed for in situ hybridization with a RNA probe against Sp8. Bmp4 

misexpression (B-C, n=21 section from 1 embryo) but not Gfp (A, C, n=18 sections from 1 

embryo) decreased the length of Sp8 staining.  

Probability of similarity between control and experimental groups, *=p<0.05, ** p<0.005, *** 

p<0.0005, Student’s t-test.  
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CHAPTER 4—Conclusions and Implications for Neural Repair 

 

 A main goal of basic biological research is to gain insight into normal 

development and use that understanding to work toward therapeutic treatment of injury 

and disease. Overall, the goal of this research is to better understand the mechanisms 

directing cell fate specification and axon guidance in the dorsal spinal cord. While 

patterning in the ventral spinal cord has been studied extensively1-4, much less is known 

about how the cells in the dorsal spinal cord are specified and subsequently form circuits 

with other neuronal populations.  Together these studies propose a model where specific 

BMP ligands and Smad proteins have distinct activities in different aspects of dorsal 

spinal development.  

 In chapter two, I explored the mode by which the different BMP ligands direct 

identity in the dorsal spinal cord. In this chapter I assessed the role of the BMPs, 

primarily BMP4 and BMP7, in dorsal spinal patterning and differentiation. Although these 

BMPs have some overlapping activities, they also have distinct functions both at the 

level of progenitor patterning and in the specification of dorsal interneuron populations. 

Next we assessed the mechanisms driving these distinct activities. We probed whether 

the BMPs were acting as concentration-dependent morphogens, where the total 

concentration of ligand directs identity, but found no evidence in vitro or in vivo of BMPs 

directing fate in this manner. As the different BMPs appear to drive identity in a signal-

specific manner, rather than due to concentration, we assessed whether the different 

BMPs, BMP4 and BMP7, have unique effects on the cell cycle.  We found that BMP7, 

but not BMP4, could reduce the number of S-phase cells in the dorsal progenitor 

domains. However, BMP4 most significantly increases the number of M-phase cells. 

Additionally, when looking at the time-point when BMP7 drives progenitor patterning, 

BMP4 promotes differentiation. We wanted to understand how the BMP-specific effects 
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on identity were mediated so we evaluated how the BMPs interact with the different BMP 

type I receptors, BmprIa and BmprIb. We found that BMP4 activity can only be inhibited 

by blocking BmprIb, both in vivo and in vitro. The relationship between the type I 

receptors and BMP7 is less clear, but in vivo BMP7 and in vitro BMP6 appears to be 

inhibited more efficiently by blocking BmprIa. Overall, these studies have demonstrated 

specificity in the activities of the different BMPs expressed in the dorsal spinal cord.  

 In chapter three, we evaluated the role of the R-Smads, Smad1 and Smad5, in 

dorsal spinal cord development. We found that each R-Smad mediates a specific activity 

in early circuit formation in the developing spinal cord. We performed loss of function 

analyses using Smad conditional knockout mice and evaluated the consequences of 

Smad ablation on cell fate and axon guidance. We found that Smad5 is required for the 

appropriate development of the dI1 and dI3 populations in the dorsal spinal cord 

whereas Smad1 is required for appropriate dI1 commissural axon extension. There 

appears to be specificity in the activity of each Smad; we found no evidence that Smad5 

has a role in axon outgrowth or that Smad1 has a role in cell fate specification. These 

results support the model that distinct components of the BMP signaling pathway have 

discrete roles in dorsal spinal cord development.  

 Together this work demonstrates the complexity of BMP-mediated activities in 

the dorsal spinal cord. The different components of the BMP signaling pathway, the BMP 

ligands, the type I receptors and the intracellular Smad proteins, each have a unique role 

in the appropriate development of the dorsal spinal cord. These studies have shed light 

on the nature of the signals guiding dorsal development. The distinct cellular processes 

of cell fate specification and axon guidance are directed by a unique sequence of 

signaling events resulting in an appropriate developmental outcome. This mode of 

activity is in contrast with ventral spinal cord development, which is patterned by the 

concentration of a single signaling molecule. Collectively, these studies highlight the 
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differences between the types of signaling activities that guide the formation of cellular 

identity during embryogenesis.  

 

Spinal cord injury   

Spinal cord injury (SCI) is a major public health concern. Annually there are 

approximately 12,500 new cases of SCI5 in the United States and while the incidence is 

rather low the cost of care is immense. The cost of lifetime care for severe SCI resulting 

in tetraplegia is more than $4,000,0006 making the overall monetary impact per patient 

extremely high. Additionally, the life expectancy for SCI patients is significantly lower 

than individuals without SCI, regardless of injury severity, and this reduced life 

expectancy has not improved since the 1980s. At present SCI is a severely debilitating 

and permanent condition that ultimately shortens the lifespan making the pursuit of a 

treatment a critically needed area of study. 

The spinal cord is an essential part of central nervous system function; it both 

regulates sensory and motor information locally as well as relays information to higher 

order processing centers in the brain. A major problem in regenerative medicine is the 

inability of the CNS to repair itself and since there is little functional redundancy in the 

spinal cord, it is particularly vulnerable after injury. After SCI the sensory interneurons in 

the dorsal spinal cord and the motor neurons in the ventral spinal cord, as well as the 

circuits these populations form, are destroyed. Neither sensory or motor information can 

be processed below the site of injury making both movement and perception of 

sensation impossible. Regaining normal function post-injury will likely require the 

restoration of the diversity of cell types that populate the spinal cord. Although many 

groups are working to derive motor neurons from stem cells7-9 in pursuit of cellular 

replacement strategies10-12, there has been little advance on the equally important goal 

of restoring sensory neurons and their function.  
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The dorsal spinal dI1-6 populations of sensory interneurons mediate many 

different sensory modalities. The dI1 and dI2 populations mediate proprioception, which 

is the understanding of the body’s position in space13-15. The dI3 population is a premotor 

population involved in gross motor function and grip13,16. The dI4 and dI5 populations are 

extremely diverse and become a variety of both excitatory and inhibitory interneuron 

subpopulations that regulate many processes such as pain, itch, light touch, temperature 

and fine motor control13,17-19. The dI6 population, while considered dorsal, is similar in 

position and transcription factor expression to more ventral interneuron subtypes and is 

involved in ventral circuitry controlling motor function and gait13,16.  

My dissertation work has focused on a more in-depth understanding of how the 

BMP-dependent dI1-3 populations are specified in embryonic development. The result of 

losing these most-dorsal populations after SCI would have severe physical 

consequences to the patient. Without the dI1 and dI2 populations the spinal cord would 

not be able to communicate with the hindbrain13,15 about body position or be able to 

regulate posture and relationship of the body to the external environment. The dI3s are a 

propriospinal population that both communicate with motor neurons locally as well as 

form synapses in the lateral reticular nucleus (LRt) in the medulla13, to regulate higher 

order processing. Without this population of INs gross motor function and regulation of 

movement, such as finger position and grip16, would be disrupted.   

The dI4-6 populations are considered to BMP-independent20,21 and our findings 

have supported this assertion where BMP signaling typically increases the dI1-3s at the 

expense of the dI4-6s. While there is limited evidence that the dI5 population may be 

BMP7-dependent22 there are no other published reports of the ventral-dorsal populations 

requiring BMP signaling. The question remains, how are these cells that process many 

important sensory modalities specified during development? It is unclear. Retinoic acid 

(RA) signaling, which is secreted from the paraxial mesoderm during neurogenesis, may 



162 

be involved in dI4-6 specification as addition of RA alone directs these populations in 

mESCs (unpublished observations and7). The transcription factor Lbx1 is expressed by 

these populations and gain and loss of function studies have demonstrated that Lbx1 

prevents the dI4-6 populations from becoming the dI2-4 populations23-25. Potentially Lbx1 

expression inhibits these intermediate populations from interpreting the dorsal BMP 

signaling and becoming more dorsal cell types. However, it is unclear what signals 

initiate Lbx1 expression or whether this region arises as a default state. Future studies 

will evaluate the role of the relevant signaling pathways in the specification of these 

intermediate spinal populations as these cells are extremely important for the regulation 

of many sensory modalities.  

 

Future directions modeling spinal development and treating SCI with stem cells  

Establishing an embryonic stem cell (ESC) protocol to differentiate specific 

populations of neurons, while an exciting and increasingly productive pursuit also 

presents certain challenges. ESC differentiation is by nature heterogenous and the 

differentiation efficiency can vary widely depending on culture conditions. The protocol 

used in these studies utilizes a method of differentiation in suspension where the 

mESCs self-aggregate to form large clusters of cells, called embryoid bodies (EBs)7,8. 

While this protocol is efficient at directing spinal identity the lack of signaling molecule 

permeability into the EBs, due to their density, results in heterogenous differentiation. 

Although our data successfully identified differences in the differentiation activities of the 

BMPs, there were still many non-dorsal cells in these experiments due to culture 

conditions. In the future, minimizing heterogeneity from culture method would help to 

optimize the specification of a particular cell type. Adherent culture conditions are 

typically more consistent as the cells are exposed to uniform conditions to promote 

homogenous differentiation. Monolayer culture conditions should be used in the future to 
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manipulate the efficiency of dorsal interneuron induction and promote higher 

differentiation of a particular cell type. The ability to direct a higher yield of a specific 

neuronal population is necessary before transitioning these basic research findings into 

a therapeutic cellular replacement strategy. 

The next step after successful differentiation of various neuronal subtypes in 

lower model organisms is to repeat these experiments using human embryonic stem 

cells (hESCs)26,27 or induced pluripotent stem cells (iPSCs)28,29. Currently, we do not 

know whether the same complement of BMPs direct dorsal INs in humans as in mouse. 

The evidence from our chicken and mouse studies rather suggests that the code of 

BMPs directing dorsal IN identity is species-specific. Further mechanistic studies using 

hESCs26,27 are vital to inform our understanding of BMP signaling in human spinal 

development. The use of human cells is the future of basic biological research, disease 

modeling and the pursuit of therapeutics as it provides direct insight into human-specific 

maladies. Promisingly, the identification of iPSCs28-30, or reprogrammed skin cells that 

are de-differentiated into an ESC-like pluripotent state has made the possibility of 

patient-specific studies a reality. In the future, skin cells from an SCI patient could be 

reprogrammed into iPSCs and then directed toward the specific cell type required based 

on the injury type and location.  

In addition to improved culture conditions and optimization of these protocols 

using human cells, transplantation studies of dorsal IN-directed ESCs should be done in 

several model systems. The cells should be evaluated for their ability to incorporate into 

the spinal cord of both the embryonic and adult animal. Ultimately, these studies should 

evaluate whether post-injury these cells can integrate into the spinal cord, form synaptic 

connections and provide functional recovery. The studies described in this thesis provide 

a foundational understanding of spinal interneuron development and this knowledge 

should be utilized as the field moves toward more therapeutic and functional studies.  
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In conclusion this research provides insight into the mechanisms directing cell 

fate specification and axon guidance in the developing dorsal spinal cord. Future work 

should further dissect BMP regulation of the various cellular processes occurring in the 

developing CNS. These mechanisms should then be co-opted to work toward repair of 

these populations in the adult, after injury or disease.  
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