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Abstract

Cell specification in the ventral spinal cord is a well-studied model system to understand how 

tissue pattern develops in response to a morphogen gradient. Ventral cell types including motor 

neurons (MNs) are induced in the neural tube in response to graded Sonic Hedgehog (Shh) 

signaling. We performed a forward genetic screen in the mouse that incorporated a GFP-

expressing transgene to visualize MNs to identify genes regulating ventral patterning. Here we 

contrast the neural patterning phenotypes of two mouse lines carrying induced mutations in ciliary 

trafficking genes. We show that a hypomorphic mutation in the gene Tubby-like protein 3 (Tulp3) 
resulted in a dorsal expansion of MNs consistent with an up-regulation of Shh signaling. 

Interestingly, patterning defects in Tulp3 mutants were restricted to posterior regions of the spinal 

cord as patterning was similar to WT in the anterior spinal cord. In contrast, a mutation in the 

ciliary trafficking gene cytoplasmic dynein 2 heavy chain 1 (Dync2h1), led to a complete loss of 

MNs in anterior regions of the spinal cord, indicating a strong down-regulation of Shh signaling. 

However, this severe phenotype was restricted to the cervical region as motor neurons developed 

posteriorly. Mutations in cilia trafficking genes affect Shh-dependent signaling in the neural tube 

differentially along the A-P axis in a process that is not understood.
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Introduction

Early studies in the Jessell Lab were among the first inquiries into the molecular 

regionalization of the vertebrate central nervous system, where the major interest at the time 

was to understand the mechanisms of how neural cells acquire their identity on the dorsal-

ventral (D-V) axis of the developing spinal neural tube. These embryological studies were 
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conducted in vitro and culminated in an elegant model where neural epithelial cells are 

induced by signals from the notochord and floor plate that specify ventral character (Jessell, 

2000). These signals were mediated by the secreted protein, Sonic Hedgehog (Shh) and 

ventral neural cell types, including spinal motor neurons and ventral interneurons were 

induced in response to concentration dependent graded Shh signaling that was opposed by 

BMP signals which were active dorsally. The floor plate required the highest levels of Shh 

signaling, while motor neurons (MNs) that developed at a distance from the floor plate 

required intermediate levels (Roelink et al., 1994). The molecular logic of how ventral cell 

types are induced in response to Shh has since become a paradigm of how a tissue is 

patterned in response to a morphogen gradient (Briscoe, 2009). This model was further 

developed and expanded by Briscoe and colleagues, who demonstrated that Shh functions as 

a morphogen which acts in a both concentration and temporal manner (Balaskas et al., 2012; 

Sagner and Briscoe, 2019).

Forward genetic approaches in the mouse that sought to identify genes critical for the 

patterning of the mammalian body plan uncovered the importance of the primary cilium for 

the transduction of the Shh signaling pathway (Huangfu et al., 2003) and patterning in the 

spinal cord. Primary cilia are small microtubule-based organelles that extend from the cell 

surface of nearly all cells in vertebrates and were previously thought of as vestigial (Pazour 

et al., 2000). Cilia have since been recognized as critical signaling organelles where 

components of signaling pathways are enriched. As protein synthesis does not occur within 

cilia, proteins need to be transported into the cilium. The molecular transport machinery 

includes the motor proteins, kinesins and dyneins which enable anterograde and retrograde 

transport on microtubules, respectively. Also critical are the intraflagellar transport (IFT) 

protein complexes which facilitate the association of ciliary proteins to the motor proteins 

(Pedersen and Rosenbaum, 2008) (Figure 1A). Mutations in genes encoding proteins that 

control transport in and out of the cilium have profound effects on the Shh pathway, either 

up-regulating or down-regulating Shh signaling (Goetz and Anderson, 2010; Sasai and 

Briscoe, 2012).

The early neural tube is formed by neural progenitor cells organized in a pseudo-stratified 

columnar epithelium. Progenitor cells span the width of the epithelium and are polarized 

with the apical aspect of the cells projecting a single primary cilium into the neural tube 

lumen (Figure 1B–D). Neuroepithelial cells that are exposed to Shh transduce these signals 

through protein components that are enriched in cilia. These signaling components include 

the Shh receptor Patched1, the membrane protein Smoothened, the atypical kinesin Kif7, the 

negative pathway regulator Sufu, as well as the transcription factors that implement the 

pathway, the Gli proteins (Gli1–3) (Goetz and Anderson, 2010). Hh signaling components 

show ligand-dependent dynamic trafficking within cilia. The two transcription factors Gli2 

and Gli3 are key players in transducing Shh signals as these proteins are localized to the tips 

of cilia and are processed into activator and repressor forms in a cilia-dependent manner 

(Goetz and Anderson, 2010; Haycraft et al., 2005). The balance of Gli activator and 

repressor forms determines the transcription of Shh target genes and thus ventral cell type 

identity within the neural tube (Briscoe and Therond, 2013). Mutations in genes that disrupt 

cilia dysregulate the Shh signaling pathway at a step in the pathway downstream of the 

receptor Ptch1 and upstream of Gli transcription factors (Goetz and Anderson, 2010).
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Here we identified a recessive mutation in the ciliary trafficking gene Tulp3 (Tubby-like 
protein-3) that disrupted the pattern of early MN induction. The mutation caused an 

expansion of the MN domain dorsally within the neural tube consistent with an activation of 

the Shh pathway that was restricted to the caudal region of the spinal neural tube. Little 

attention has been paid to the interesting phenomenon that the cilia mutations cause 

alterations in the D-V patterning of the spinal cord differentially along the anterior-posterior 

(A-P) axis. We compared the D-V patterning phenotype of Tulp3 mutants with that of a 

second mutation in a ciliary trafficking gene, the mei mei mutation in cytoplasmic dynein 2 
heavy chain 1 (Dync2h1). MNs were robustly induced in the neural tube but were absent in 

rostral regions anterior to the forelimbs in Dync2h1 mutants. Our studies show that 

mutations in cilia-related genes can cause defects in Shh signaling in the neural tube that can 

strongly differ depending on A-P position. This process is not understood in the context of 

the current models of Shh-dependent patterning but suggests differences in how the ventral 

neural tube is patterned along the A-P axis.

Results

We took a genetic approach to identify novel regulators of D-V patterning of the spinal cord 

with a focus on motor neuron (MN) induction and performed an ENU-based mutagenesis 

screen in the mouse (Liem et al., 2009). To visualize MNs, we utilized a HB9-GFP 

transgene which labels somatic MNs (Figure 1E) along the anterior-posterior (A-P) axis 

throughout the motor column from the MNs that form the cranial nerve XII (hypoglossal 

nerve) anteriorly through the hindlimb region posteriorly. We screened litters for potential 

homozygous mutations at E10.5 (Liem et al., 2009) and identified a mutant mouse line that 

displayed diffuse and expanded GFP expression in caudal regions of the spinal cord in 

embryos that were otherwise morphologically similar to non-affected littermates (Figure 

2A,B). We identified a missense mutation leading to the substitution of lysine by isoleucine 

at position 407 (K407I) in the ciliary trafficking gene Tulp3 (Tubby-like protein-3) (Legue 

and Liem, 2019). Homozygous mutants went on to develop minor skeletal deformities such 

as rib duplications as well as kidney cysts at later embryonic stages, consistent with a 

ciliopathic phenotype (Legue and Liem, 2019).

Tulp3 acts as an adaptor protein that facilitates trafficking of a subset of membrane 

associated cargo into the primary cilium (Badgandi et al., 2017) (Figure 1A). Tulp3 contains 

an N-terminal IFT-A (Intraflagellar Transport Protein complex A) binding domain as well as 

a C-terminal Tubby domain which associates with inositol phosphates (Mukhopadhyay et 

al., 2010; Santagata et al., 2001).

We next analyzed how the Tulp3K407I mutation affected dorsal-ventral (D-V) patterning in 

the spinal cord. We examined ventral pattern in cross sections through the developing spinal 

cord at E10.5 at four A-P levels: (1) cervical (anterior to the forelimb), (2) brachial (forelimb 

level), (3) thoracic (between the limb buds) and (4) lumbar (hind limb level) using the 

fluorescence from the HB9-GFP transgene to label MNs and antibodies to FoxA2 to label 

floor plate cells. We did not detect differences in the D-V patterning of the neural tube 

between Tulp3K407I/K407I mutant and control embryos at cervical or brachial levels as 

assessed by the MN and floorplate markers (Figure 3A, B, D, E). However, at thoracic and 
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lumbar levels, we found a dorsal expansion of the MNs in Tulp3K407I/K407I mutants, 

indicating an up-regulation of Shh signaling. The domain of FoxA2 positive cells was 

similar in mutant and control embryos, indicating that the increase in Shh signaling was too 

modest to induce the expansion of the cells requiring the highest levels of Shh signaling 

(Figure 3G, H, I, K). These data were consistent with a mild Shh gain of function in the 

Tulp3K407I/K407I mutant embryos in caudal regions of the spinal cord.

Previous characterization of the Tulp3 knockout mouse showed embryonic lethality with 

strong morphological defects consistent with typical ciliopathic phenotype, including 

skeleton defects, polydactyly, exencephaly, and a strong up-regulation of Shh signaling in 

the ventral neural tube (Cameron et al., 2009; Norman et al., 2009; Patterson et al., 2009). 

Morphologically, Tulp3null/null embryos harboring the HB9-GFP transgene displayed an 

abnormally shaped telencephalon, variable exencephaly, as well as a wavy neural tube at 

caudal levels (Figure 2C). We examined HB9-GFP fluorescence in Tulp3null/null mutants and 

found expanded diffuse fluorescence in caudal regions of the neural tube (Figure 3D). We 

examined sections through the neural tube of Tulp3null/null mutant embryos and found that 

the ventral patterning was similar to WT at cervical and brachial levels similar to 

Tulp3K407I/K407I mutant (Figure 3A–F). In contrast, the MNs and floor plate cells were 

expanded dorsally at the thoracic level indicating a strong up-regulation of Shh signaling in 

Tulp3null/null mutants compared to controls (Figure 3G, I). At the lumbar level, we observed 

a dorsal expansion of the floor plate and MN domains in the mutants compared to control 

embryos, greater than at the thoracic level (Figure 3G, I, J, L). These results were consistent 

with a strong activation of the Shh pathway, similar to previous reports (Cameron et al., 

2009; Norman et al., 2009; Patterson et al., 2009). The analysis of the ventral patterning of 

the neural tube in Tulp3K407I and Tulp3null homozygous mutants showed that the Tulp3null 

allele had a stronger phenotype than the Tulp3K407I allele at the lumbar and thoracic levels, 

confirming that Tulp3K407I was a hypomorphic allele of Tulp3. Interestingly, neither the null 

nor the missense mutations influenced ventral patterning in the anterior spinal regions at this 

stage. The absence of a phenotype in the anterior regions combined with the dorsal 

expansion of ventral cell types caudally indicated that loss of Tulp3 function affected Shh 

patterning differently at the different A-P regions. Mutations in cilia trafficking genes that 

affected patterning of the neural tube were often associated with malformations in cilia 

morphology. We examined Tulp3K407I/K407I cilia present on the apical surface of the 

neuroepithelium by Scanning Electron Microscopy (SEM) of thoracic regions of E10.5 

embryos, a region where MNs were expanded. We found that the Tulp3K407I mutation did 

not appear to strongly affect cilia morphology (Figure 4A, B). Tulp3K407I cilia appeared 

slightly shorter and wider (length=672 ±131nm, n=57; width=136±21nm, n=48) compared 

with WT (length=701 ±177nm, n=94; width 131±26nm; n=47) however these differences 

were not statistically significant (Figure 4C, D). These observations were consistent with 

previous studies showing that loss of Tulp3 function did not strongly affect cilia morphology 

(Hwang et al., 2019; Legue and Liem, 2019; Patterson et al., 2009).

Mutations in cilia genes in mice cause phenotypes where ventral cell types have been 

reduced or expanded in the spinal neural tube (Goetz et al., 2009), however little attention 

has been paid to the interesting phenomenon that alterations in patterning can differ 

significantly along the A-P axis. To further explore this issue, we analyzed the neural tube 
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phenotypes in the mei mei mouse, another mutant line we identified from the HB9-GFP 

screen (Liem et al., 2009). mei mei harbors a missense mutation in cytoplasmic dynein 2 
heavy chain 1 (Dync2h1mmi). Dync2h1 is an evolutionarily conserved dynein motor protein 

that mediates retrograde transport from the cilia tip to the base (Pazour et al., 1999; Signor et 

al., 1999) (Figure 1A). Previous reports have shown that loss of function mutations in 

Dync2h1 resulted in a down-regulation of Shh signaling in the mouse and in tissue culture 

cells accompanied by abnormal cilia morphology and protein composition (Huangfu and 

Anderson, 2005; May et al., 2005; Ocbina and Anderson, 2008). Dync2h1mmi mutant 

embryos showed an abnormal telencephalon with variably penetrant exencephaly (Figure 

5A, C). We examined the pattern of HB9-GFP expression in Dync2h1mmi mutant embryos. 

Mutants at E9.5 and E10.5 showed abundant MNs except at cervical regions where 

fluorescence was strikingly reduced anterior to the forelimbs (Figure 5A–D). The absence of 

MNs anteriorly was also evident by the absence of the hypoglossal nerve (Figure 5D, 

asterisk). We next analyzed sections through the neural tube at E10.5 at the cervical and 

thoracic levels. Consistent with the whole-mount observations, we failed to detect GFP-

expressing cells at the cervical level of the neural tube in Dync2h1mmi mutants compared to 

controls (Figure 6A, B). We stained sections for the MN marker ISL1/2 which confirmed 

that few if any motor neurons were present cervical regions of Dync2h1mmi mutants (Figure 

6C, D). This result was consistent with a strong down-regulation of Shh signaling where 

neither the cells requiring high or intermediate levels of Shh were specified. However, more 

caudally the loss of Shh function phenotype was milder as MNs were robustly induced 

(Figure 5B, D). We found MNs expanded ventrally spanning the midline in a “U” shaped 

pattern in cross sections at thoracic regions (Figure 6E, F). These studies indicated that in 

Dync2h1mmi mutants the level of Shh signaling was too low to induce MNs anteriorly but 

was sufficient to induce MNs posteriorly.

While the Tulp3K407I mutation did not strongly affect cilia morphology, mutations in 

Dync2h1 are associated with severe cilia malformations (May et al., 2005). We tested 

whether differences in ventral pattern along the A-P axis might derive from a differential 

effect of the mei mei mutation on cilia at the different spinal A-P levels. We first examined 

WT cilia in the neuroepithelium by SEM and found that cilia morphology was similar in 

cervical and thoracic regions (Figure 7A, B, E, F). Neural tube cilia in Dync2h1mmi mutants 

were strikingly abnormal appearing engorged and much wider than WT cilia, consistent with 

ciliary protein accumulation due to defects in retrograde transport (Ocbina et al., 2011) 

(Figure 7C, D–F). Dync2h1mmi mutant cilia appeared similar at both cervical levels where 

motor neurons failed to develop and thoracic levels where motor neurons were abundant 

suggesting that differences in Shh activity was not due to a differential effect of the mei mei 
mutation on neuroepithelial cilia at the two A-P levels.

Discussion

Forward genetics is a powerful method to discover new genes and pathways in many 

biological processes of interest. We incorporated the HB9-GFP transgene developed in the 

Jessell lab into a genetic screen to aid in the discovery of mutations that affect the pattern of 

neuron induction in the developing neural tube. The transgene proved useful for the 

identification of neural patterning mutations in embryos in the absence of morphological 
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defects, such as the Tulp3K407I mutant allele. Moreover, it greatly facilitated the analysis of 

neural patterning differences at the different A-P levels of the neural tube as it demarcated 

motor neurons along the entire A-P axis of the spinal cord (Figure 8).

Shh is a morphogen required for the patterning of many tissues including the embryonic 

ventral spinal cord. Numerous studies have shown that mutations in genes that control ciliary 

functions can alter Shh signaling in vertebrate animals and cells. Many of the mouse mutants 

harboring cilia mutations have been analyzed for defects in Shh signaling in the embryonic 

spinal cord, as it is a region where the role of Shh in developmental signaling is well 

understood (Huangfu et al., 2003). Loss of function of genes required for cilia biogenesis 

that ablate the cilium cause a strong loss of function of the Shh pathway and few if any 

ventral neural cell types are induced in these mutant mice (Goetz and Anderson, 2010; 

Goetz et al., 2012; Huangfu et al., 2003). However, many proteins are required to build the 

cilium and mutations in genes that result in an incomplete disruption of cilia structure or 

function cause partial dysregulation of the Shh pathway. These mutations can result in the 

expansion or loss of ventral cell types indicating an up- or down-regulation of the pathway. 

An unexpected feature of the partial dysregulation of the cilium is that Shh-mediated 

patterning phenotypes in the spinal cord appear to differ considerably at different the A-P 

levels.

Here we identified a hypomorphic mutation in Tulp3, a gene that is required for proper 

transduction of the Shh signaling pathway and proper patterning of the neural tube. The 

Tulp3K407I mutation caused an expansion of MNs dorsally in the caudal region of the neural 

tube while anterior regions were unaffected. Interestingly, the phenotype of the null is also 

restricted to the caudal neural tube (Figure 8). Previous studies showed that loss of function 

of Tulp3 resulted in the ectopic expression of the Gli1-lacZ reporter, a transcriptional read-

out of the Shh signaling pathway, in the caudal neural tube (Cameron et al., 2009). This up-

regulation of the Shh pathway included the striking dorsal expansion of FoxA2-expressing 

floor plate cells, the cell type requiring the highest level of Shh. We show that that up-

regulation of Shh signaling contrasted sharply with the absence of phenotype in the more 

anterior regions in the embryo. Interestingly, protein interaction assays showed that Tulp3 
strongly associated with IFT-A proteins (Mukhopadhyay et al., 2010) and that the expansion 

of ventral cell types dorsally in the caudal regions of neural tube has also been reported in a 

number of IFT-A complex mutations: IFT139aln (Tran et al., 2008), IFT122sobp (Qin et al., 

2011), and IFT144twt (Ashe et al., 2012; Liem et al., 2012). While these IFT-A mutations 

resulted in bulged cilia, we found that the Tulp3K407I mutation did not cause significant 

changes in cilia morphology. The mechanisms by which Tulp3 mutations and IFT-A 
mutations resulted in up-regulation in Shh activity in the caudal neural tube but not in the 

rostral are likely to be similar.

Differences in Shh-dependent patterning defects along the A-P spinal axis were also 

observed in other mouse mutations found in the screen. Multiple previous reports have 

shown that mutations in dynein cause loss of the most ventral structures of the spinal cord 

such as FoxA2-expressing floor plate cells and Nkx2.2-expressing V3 precursor cells 

accompanied with MNs expanding ventrally across the midline (Huangfu and Anderson, 

2005; May et al., 2005; Ocbina et al., 2011). However, here we show the loss of ventral cell 
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types is much stronger in the cervical levels compared with other regions of the spinal cord 

(Figure 8). Similar strong depression of Shh-signaling anterior to the forelimbs was also 

observed in mouse mutant harboring IFT-A gene mutations that strongly disrupted cilia 

structure such as IFT144dmhd or IFT144twt;IFT122sopb double mutants (Liem et al., 2012). 

Interestingly, at lumbar levels, IFT144dmhd mutants showed an expansion of MNs both 

ventrally across the midline as well as dorsally, accompanied by loss of floor plate and 

Nkx2.2-expressing cells (Liem et al., 2012). Paradoxically, these results showed the 

simultaneous loss of cells that required the highest levels of Shh signaling, accompanied by 

the dorsal expansion of MNs indicating an increase in intermediate levels of Shh signaling. 

This lumbar pattern was also observed in the mouse mutant henin (Arl13bhnn), which 

harbors a mutation in Arl13b, a small GTPase required for normal cilia structure (Caspary et 

al., 2007). Strikingly, the Arl13bhnn phenotype was restricted to caudal regions of the spinal 

cord and the pattern in the anterior spinal cord in Arl13bhnn mutants was similar to the WT. 

It is also important to note that cilia mutations appear to affect ventral patterning along the 

A-P axis in different ways. For example, the hop sterile mutation in Intraflagellar Transport 
protein 56 (IFT56), a component of the IFT-B protein complex, caused a down-regulation of 

Shh signaling in the neural tube with a loss of floor plate cells coupled with ventral 

expansion of MNs. However, this phenotype was restricted to the posterior spinal cord (Xin 

et al., 2017). This finding contrasts with the phenotypes of IFT144dmhd and Dync2h1mmi 

mutants, where the loss of Shh signaling appeared more severe anteriorly.

The mechanism by which mutations in cilia-associated genes cause Shh-mediated patterning 

defects that affect neuroepithelial cells differentially along the A-P axis of the spinal cord is 

not understood. One possibility is that the thresholds for the Shh-dependent induction of 

ventral cell types could differ on the A-P axis of the spinal neural tube. These differences 

could arise through the influence signaling pathways that specify the anterior-posterior axis 

of the embryo (Bang et al., 1999; Doniach, 1995; Muhr et al., 1999; Storey et al., 1995) or 

through differences in developmental timing of the neuroepithelial cells. As the node retracts 

during embryonic development, new neural tissue is formed such that the anterior neural 

tube cells have earlier birthdates than posterior cells. Moreover, it has also been shown that 

the duration and timing of exposure to Shh signaling is an integral component of signaling 

process that generates the ventral pattern (Dessaud et al., 2007; Sagner and Briscoe, 2019). It 

is very likely that cilia mutations that dysregulate Shh signaling and act downstream of the 

ligand-receptor complex would greatly affect the duration and timing of the pathway 

experienced by neuroepithelial cells. However, a model based on developmental timing 

alone is complicated by the apparent large patterning differences due to both up and down-

regulation of Shh signaling, found in the different A-P positions in the variety of cilia 

mutants. For example, Ift56hop, IFT144dmhd and Dync2h1mmi mutations all resulted in 

downregulation of Shh signaling but Ift56hop mutants were more affected posteriorly while 

IFT144dmhd and Dync2h1mmi mutants were more severely affected anteriorly.

Many Shh signaling proteins localize to primary cilia and differences in ciliary trafficking of 

these components could potentially account for differential sensitivity to cilia mutations on 

the A-P axis. However, our studies show that cilia morphology appeared similar in the 

different A-P regions in WT and in the Dync2h1mmi mutants where ventral patterning is 

differentially affected. Nearly all cells in the vertebrate body have primary cilia and the 
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genes required for the general process of cilia biogenesis and protein trafficking are in 

general considered ubiquitously expressed. The detailed analysis of protein trafficking and 

the dynamic movements of Shh signaling components in cilia is challenging and have been 

generally performed in tissue culture cells. Differences in cilia structure or ciliary protein 

composition in different regions of the spinal neuroepithelium have not been previously 

reported.

Finally, genetic studies in mice testing the requirement of Shh components for neural tube 

patterning have revealed potential differences in how ventral pattern is established along the 

A-P axis. MN induction is thought to be Shh dependent and MNs fail to develop in Shh−/− 

embryos (Chiang et al., 1996). However in Shh;Gli3 double mutant embryos, which lacked 

both ligand and primary transcriptional repressor, MNs were present but predominantly in 

the caudal regions of the spinal cord (Litingtung and Chiang, 2000). This result suggested 

differences in how the pattern is established along the A-P axis, an idea which was also 

supported by analysis of Gli2;Gli3 double mutants. All canonical Shh signaling is thought to 

depend on Gli proteins, the transcriptional transducers of the pathway (Methot and Basler, 

2001). Gli2;Gli3 double mutants lack of both activator and repressor functions and is 

considered the null state of the Shh pathway, as Gli1 is not expressed in this genetic context. 

While Gli2;Gli3 double mutant embryos were found to lack the floorplate, other ventral cell 

types including MNs were surprisingly present (Bai et al., 2004; Lei et al., 2004). 

Interestingly, MNs were found in brachial regions, but were absent at the lumbar regions 

(Bai et al., 2004; Lei et al., 2004). These data suggested that other pathways were present in 

the embryo that can induce MNs in the absence of Gli function and canonical Shh signaling, 

and that the pattern appeared to differ along the A-P axis. While an influence of cilia 

mutations on non-Shh pathways is formally possible (Satir and Satir, 2019), genetic studies 

have thus far shown that the effect of cilia mutations on ventral patterning in the different 

regions of the neural tube is Gli-dependent. Dorsal expansion of ventral cell types in the 

caudal neural tube of Tulp3 null embryos depended on Gli2, the primary transcriptional 

activator of the Shh pathway, as Tulp3;Gli2 double mutants did not show expanded MNs and 

floor plate cells dorsally (Norman et al., 2009). In addition, the failure of MNs to develop in 

cervical regions in IFT144dmhd mutants was dependent on Gli3, the primary repressor of the 

pathway, as Dmhd;Gli3 double mutants developed motor neurons anterior to the forelimbs 

(Liem et al., 2012).

In sum, differences in ventral patterning phenotypes along the A-P axis of the spinal neural 

tube is a common feature of cilia gene mutations, an interesting aspect that has been 

understudied and may yield insights into how the spinal cord is patterned. We still don’t 

understand how cilia regulate Gli activators and repressors and a better understanding of this 

process will greatly help our understanding of how cilia mutations can cause Shh patterning 

defects in the neural tube that differ along the A-P axis.

Materials and Methods

Mouse strains:

The mouse strains were previously described: Tulp3K407I and Tulp3null (Legue and Liem, 

2019), HB9-GFP and Dync2h1mmi (Liem et al., 2009). Mice were maintained on the FVB 

Legué and Liem Page 8

Neuroscience. Author manuscript; available in PMC 2021 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



background. Mice were bred and maintained according to YARC guidelines under an 

approved IACUC protocol.

Immunofluorescence

Embryos were dissected at the indicated stages (E9.5 or E10.5) and were fixed in 4% PFA 

on ice for 30 minutes washed in PBS and cryoprotected in 30% sucrose. Prior to embedding, 

embryos were cut into 4 portions, the cuts were made anteriorly to the fore limb buds, 

posteriorly to the fore limb buds and anteriorly to the hind limb buds to precisely orient each 

portion to perform cross sections at the cervical (portion 1), brachial (portion 2), thoracic 

(portion 3) and lumbar (portion 4) levels. Embryos were embedded in TissueTek (Sakura), 

frozen and cryo-sectioned at 12μm. Sections were stained using mouse anti-ISL1/2 (1:50) 

from Developmental Hybridoma Bank (DHB), and rabbit anti-FoxA2 (1:2000) from Abcam 

primary antibodies and Alexafluor-594 goat anti-rabbit and Alexafluor-594 anti-mouse 

secondary antibodies (1:500) from Invitrogen. Frozen sections were warmed to room 

temperature, transferred into PBS and incubated in blocking solution (10% normal goat 

serum, 0.1% triton PBS) at room temperature for an hour. Sections were incubated in 

primary antibody in blocking solution O/N at 4°C, rinsed 3 times 5 min in PBS and 

incubated in secondary antibody in PBS or PBS-DAPI for 2 hours at room temperature, 

rinsed 3 times 5 min in PBS and mounted in mowiol solution (10% Mowiol 4–88 (Sigma-

Aldrich 81381), 25% glycerol, 0.1M Tris). Images were acquired on a Zeiss Axiovert using 

the Zen software. Whole-mount embryos were imaged on a Zeiss lumar dissecting 

microscope. The wholemount immunofluorescent embryo was labeled with anti-

neurofilament (DHB) and rabbit anti-GFP (Invitrogen) antibodies, dehydrated in methanol 

and cleared in Benzyl benzoate/Benzyl alcohol and imaged on a Leica TCS SP2 AOBS 

confocal microscope.

SEM

E10.5 embryos were fixed with 2% PFA and 2.5% glutaraldehyde in 0.1 M sodium 

cacodylate buffer. Embryos were dissected to expose the luminal surface of the neural tube 

in 0.1 M cacodylate buffer and dehydrated in ethanol (Huangfu et al., 2003). Scanning 

electron microscopy was performed and digital images acquired using a FEI ESEM (Figure 

4), a Zeiss CrossBeam 550 (Figure 7A,B) or Zeiss Supra25 (Figure 7 C,D) microscope. Cilia 

measurements were performed using ImageJ. Width was measured at the midpoint of the 

axoneme length.

Statistical analysis

Comparisons were done using Student t-test (comparison of 2 data sets) or two-way 

ANOVA followed by Sidak’s test for multiple comparisons (comparison of more than 2 data 

sets) in Prism8. Statistical significance was attained for p-values <0.05.
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Figure 1: Ciliated neuroepithelial cells of the mouse neural tube
A: Schematic of a primary cilium and the intraflagellar transport (IFT) machinery. The IFT 

particle consists of two complexes, IFT-A and IFT-B. IFT associates with kinesin motor 

proteins for anterograde transport of cargo proteins into the cilium and associates with 

dynein motor proteins during retrograde transport out of the cilium. Tulp3 associates with 

IFT-A proteins to bring a subset of membrane-associated proteins into the cilium. Members 

of the IFT-A complex are listed. B: Scanning electron microscopy SEM image of cross 

section of a mouse neural tube at embryonic day 9.5 (E9.5). D=dorsal, V=ventral, 

A=anterior, P=posterior C: The neuroepithelium of the neural tube is pseudostratified with 

polarized neural progenitor cells extending processes to both the basal and apical aspects of 

the neural tube. The nuclei of cycling progenitors oscillate between apical and basal aspect 

of the cell (interkinetic nuclear migration) and newly differentiated cells exit the cell cycle 

and move to the lateral aspect of the tube. D: Each neuroepithelial cell projects a single 

primary cilium from its apical surface into the lumen of the neural tube, shown here at 

E10.5. Two examples of cilia are marked by arrows. E: Immunofluorescent image of a 

cleared E10.5 embryo expressing HB9-GFP transgene stained for GFP (green) and 

neurofilament (red).
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Figure 2: Tulp3 mutants show dorsal expansion of motor neurons in the posterior neural tube
A: Bright-field images of E10.5 control and Tulp3K407I/K407I embryos carrying the HB9-

GFP transgene showing no obvious morphological defects in the mutant compared to 

control. B: fluorescence image of the embryos shown in A showed a diffuse pattern of GFP 

expression in the Tulp3K407I/K407I embryo in the neural tube in posterior regions 

(arrowhead) compared to controls while the anterior GFP pattern appeared similar to 

controls. C: Bright-field image of E10.5 control and Tulp3null/null embryos showing 

morphological defects in the mutant. D: fluorescence image of embryos shown in C showed 

motor neuron expansion dorsally in posterior neural tube (arrowhead) in the Tulp3null/null 

embryo while the anterior neural tube was similar to controls.
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Figure 3: Tulp3 mutant neural tubes are ventralized in posterior regions
A-L: Cross-sections through neural tubes of E10.5 embryos expressing HB9-GFP (green) 

and strained for FoxA2 (red) to mark the floor plate domain taken at the cervical (A-C), 

brachial (D-F), thoracic (G-I) and lumbar (J-L) levels. Control (A D, G, J), Tulp3K407I/K407I 

(B, E, H, K) and Tulp3null/null (C, F, I, L) embryos are shown. Nuclei were stained by DAPI 

(blue). The mutant embryos appeared similar to control at the cervical and brachial levels 

(A-F). The Tulp3K407I/K407I embryo displayed a dorsal expansion of the motor neuron 

domain but the floor plate domain was similar to control at both thoracic and lumbar levels 

compared to control (G, H, J, K). The Tulp3null/null embryo showed an expansion of both the 

motor neuron and the floor plate domains dorsally at the thoracic and lumbar levels 

compared to control (G, I, J, L).
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Figure 4: The Tulp3 K407I mutation does not strongly affect neural tube cilia morphology
A, B: Scanning electron microscopy images of E10.5 neural tube cilia on the apical surface 

of control (A) and Tulp3K407I/K407I (B) embryos at thoracic levels, viewed en face. C, D: 

Measurements of apical cilia. The measured length (C) and width (D) of individual cilia did 

not show significant differences between control (WT) and Tulp3K407I/K407I. Mean +/− s.d. 

are shown. Statistical differences were calculated using Student’s t-test, statistical 

significance was set at p<0.05.
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Figure 5: Dync2h1mmi mutant embryos lack motor neurons anteriorly
A: Bright field image of E9.5 control and Dync2h1mmi embryos harboring the HB9-GFP 

transgene. B: Fluorescent image of the same embryos as in A. C: Bright field image of 

E10.5 control and Dync2h1mmi embryos harboring the HB9-GFP transgene. D: Fluorescent 

image of the same embryos as in C. Note the absence of GFP-expressing motor neurons 

anterior to the forelimbs in Dync2h1mmi mutants (arrowhead). Note the loss of the 

hypoglossal nerve in Dync2h1mmi embryos at E10.5 (asterisk).
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Figure 6: Motor neurons fail to be induced anteriorly but develop and are expanded ventrally in 
Dync2h1mmi embryos
A-D: Cross-sections of neural tube of control and Dync2h1mmi E10.5 embryos taken at 

cervical levels. HB9-GFP fluorescence showed that motor neurons were absent at the 

cervical level in the Dync2h1mmi embryos (A, B). Absence of motor neurons was confirmed 

by ISL1/2 staining which labels motor neurons (C, D). E, F: Cross-sections of neural tube of 

control and Dync2h1mmi E10.5 embryos taken at thoracic levels. HB9-GFP fluorescence 

show motor neurons that spanned the ventral aspect of the neural tube in the Dync2h1mmi 

embryos.
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Figure 7: Neural tube cilia in Dync2h1mmi embryos are similar at the cervical and thoracic 
levels.
A-D: Scanning electron microscopy image of neural tube cilia of WT and Dync2h1mmi 

E10.5 embryo at the cervical (A, B) and thoracic (C, D) levels showing abnormally shaped 

thickened cilia in the Dync2h1mmi mutant at both levels. E, F: Quantification of the length 

(E) and width (F) of the cilia in WT and Dync2h1mmi mutant neural tubes at the cervical and 

thoracic levels. E: WT cervical length 761±120nm (n=56); thoracic length 751±182nm 

(n=54) compared with Dync2h1mmi cervical length 692±212nm (n=61) and thoracic length 

679 ±160nm (n=73). F: WT cervical width 115±17nm (n=74) and thoracic width 119±17nm 

(n=116) compared with Dync2h1mmi cervical width 261±42nm (n=36) and thoracic width 

272±39nm (n=57). While Dync2h1mmi cilia were wider than WT cilia at both cervical and 

thoracic levels, we did not detect statistical differences in either WT or Dync2h1mmi cilia at 

the cervical versus thoracic levels. Statistical differences were calculated using two-way 

ANOVA followed by Sidak’s test for multiple comparisons, statistical significance was set at 

p<0.05. cer: cervical; tho: thoracic.
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Figure 8: Mutations in cilia trafficking genes differentially affect dorsal-ventral patterning of the 
spinal neural tube along the anterior-posterior axis
A: Schematic of a E10.5 embryo showing the positions of the cervical and thoracic cross 

sections. The HB9-GFP expression is shown in green. B: organization of motor neurons and 

floor plate cells in cross sections of WT, Tulp3null/null and Dync2h1mmi E10.5 embryos at 

cervical and thoracic levels. In the Tulp3null/null embryo, motor neurons and floor plate cells 

were expanded dorsally in the posterior but not in the anterior part of the neural tube, 

consistent with an up-regulation of Shh signaling posteriorly. Similar phenotypes are seen in 

the IFT144twt, IFT139aln, and IFT122sopb mutant mice (Liem et al., 2012; Qin et al., 2011; 

Tran et al., 2008). In the Dync2h1mmi embryo, motor neurons or floor plate cells were 

absent anteriorly (at cervical levels) indicating a strong loss of Shh signaling while motor 

neurons were spanning the ventral aspect of the neural tube more posteriorly, indicating that 

intermediate levels of Shh signaling were present posteriorly. A similar phenotype was seen 

in IFT144dmhd (Liem et al., 2012). Flb=forelimb bud; hlb=hindlimb bud.
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