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Summary  

The accessory olfactory system is a unique model that can give insights on how the 

neurons can establish and maintain their identity, and connectivity. The vomeronasal 

organ (VNO) contains two distinct populations of vomeronasal sensory neurons (VSNs) 

each with specific innervation patterns to the accessory olfactory bulb (AOB). Though 

morphogenic signals are critical in defining various neuronal populations, the 

morphogenic signaling profiles that influence each VSN population remains unknown. 

Here, we found a pronounced BMP signaling gradient within the basal VSNs. By 

generating Smad4 conditional mutants, we disrupted canonical TGF-β/BMP signaling in 

maturing basal VSNs and in all mature VSNs. We show that Smad4 loss-of-function in 

immature basal neurons leads to a progressive loss of basal VSNs, reduced activation 

of the remnant basal VSNs, and aberrant glomeruli formation in posterior AOB. 

However, Smad4 ablation in all mature VSNs does not affect neuronal activity nor 

survival but causes aberrant glomeruli formation only in the posterior AOB. Our study 

reveals that Smad4 signaling plays a critical role in mediating development, function, 

and circuit formation of basal VSNs. 

 

Introduction  

Neurons form complex and conserved neuronal circuits by innervating the dendritic 

compartments of specific target neurons. One current goal in neuroscience is to 

delineate the underlying mechanisms that establish and maintain neuronal diversity, 

identity, and connectivity. The vomeronasal organ (VNO) is a specialized vertebrate 

olfactory subsystem used to detect pheromones (Cloutier et al., 2002; Dulac, 2000; 
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Isogai et al., 2011; Mombaerts et al., 1996). As the main olfactory epithelium, the 

vomeronasal neuroepithelium continually generates new neurons (de la Rosa-Prieto et 

al., 2010). As newly formed neurons mature, they innervate dendrites of specific 

second-order neurons in the accessory olfactory bulb (AOB) (Mombaerts et al., 1996). 

The sensory epithelium of VNO in mice is composed of vomeronasal sensory neurons 

(VSNs) that selectively express receptors encoded by one of the two vomeronasal 

receptor (VR) gene families: V1r and V2r. These non-overlapping V1r- and V2r-

expressing populations of VSNs bind different ligands, project to different areas of the 

AOB, and trigger distinct innate behaviors (Chamero et al., 2012). V2r-expressing 

neurons localize to the basal portion of the vomeronasal epithelium and target posterior 

regions of the AOB, while V1r-expressing neurons reside in the apical portion and 

project to anterior regions of the AOB. 

Olfactory sensory neurons (OSNs) in the main olfactory system that express the same 

olfactory receptor gene target the same glomeruli in the olfactory bulb (OB). However, in 

the vomeronasal system, VSNs expressing the same receptor coalesce onto multiple 

glomeruli within spatially conserved regions of the AOB (Belluscio et al., 1999; Del 

Punta et al., 2002). Recent evidence indicates that unidentified spatial cues in the nasal 

area likely influence OSN gene choice and target specificity (Coleman et al., 2019). Our 

current knowledge of the underlying signals that establish the spatial (apical-basal) 

identity of VSNs and delineates synaptic partners remains limited. 

Molecules belonging to the Transforming Growth Factors (TGF) super-family, such as 

TGFβ, Activin, and bone morphogenic proteins (BMPs), control nervous system growth, 

differentiation, axonal growth patterning, and network formation (Banerjee and Riordan, 

2018; Le Dreau et al., 2012; Lee et al., 2000; Liem et al., 2000; Liem et al., 1995; 

Schmidt et al., 1995). Retrograde BMP signaling controls neuromuscular junction 

synaptic growth and cytoarchitecture in drosophila (Ball et al., 2010; Piccioli and 

Littleton, 2014). BMP signaling also contributes to establishing neuronal identity and 

defining somatosensory map formation in the rodent trigeminal nerve (Ball et al., 2010; 

Banerjee and Riordan, 2018; Berke et al., 2013; Fuentes-Medel and Budnik, 2010; 

Hegarty et al., 2013; Hodge et al., 2007; Liao et al., 2018; Piccioli and Littleton, 2014). 
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Whether molecules of the TGF-β family play roles in defining specific neuronal identities 

and synaptic circuit formation of the VNO with the brain has not been explored thus far. 

Smad4 is a central signaling molecule in canonical TGF-β/BMP intracellular signaling. 

Upon ligand-receptor binding, Smad4 forms a complex with phosphorylated R-Smads 

(Smad1, 5, 8 for BMPs or with Smad2, 3 for TGF-β) that translocate to the nucleus to 

activate gene transcription (Shi and Massague, 2003). BMP ligand’s affinity to 

extracellular matrix components such as collagen IV (Col-IV) define spatial BMP 

signaling gradients (Bunt et al., 2010; Garamszegi et al., 2010; Paralkar et al., 1991; 

Paralkar et al., 1992; Wang et al., 2008).  

Here, we characterized the role of Smad4 mediated signaling to define neuronal 

identity, circuit formation, and/or homeostasis of VSNs using the AP-2εCre mouse line 

to conditionally ablate Smad4 expression in immature basal VSNs and OMPCre mice to 

ablate Smad4 in mature apical and basal VSNs. We show that loss of Smad4 

dependent intracellular signaling compromises functionality, survival, and proper circuit 

formation of basal VSNs to the pAOB. 

 

Results 

Localization of active BMP signaling in basal VSNs.  

We analyzed mRNA-seq data from postnatal VNO and discovered a source of multiple 

molecules of the TGF-β family (GSE134492). We validated gene expression of select 

genes via RT-PCR (Fig.1 A,B). By analyzing the expression of BMPs in the VNO using 

in situ hybridization against BMP4 and BMP6, we revealed BMP expression both in 

apical and basal territories of the VNE (Fig. 1C,D). Extracellular matrix components 

such as Collagen IV (Col IV) may participate in establishing active BMP signaling by 

sequestering or immobilizing morphogens and facilitating receptor binding (Bunt et al., 

2010; Garamszegi et al., 2010; Paralkar et al., 1991; Paralkar et al., 1992; Wang et al., 

2008). Col IV and PECAM immunostaining highlighted Collagen IV expression in the 

basement membrane of the VNO and around the PECAM+ vasculature that invade the 

basal positions of the VNO (Fig.1 F1-2). 

We then performed immunostaining against p-Smad1,5,8 and p-Smad2 to monitor the 
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activity of BMP and TGF-β signaling pathways in the VNE. P-Smad1,5,8 

immunostaining showed immunoreactivity in PECAM positive endothelial cells (Fig.1 I) 

and in VSNs in the basal territories proximal to PECAM+/Col IV+ vessels and basal 

lamina (Fig.1 G,H). Using sections from AP-2εCre+/-/R26R lineage traced animals (Lin 

et al., 2018), where basal cells are genetically traced after AP-2ε expression (Fig. 1 I), 

double immunofluorescent staining against p-Smad1,5,8 showed that nearly all basal 

VSNs were positive for active BMP intracellular signaling beginning at the marginal 

zone (Fig. 1 I, S1 B,D). We detected only background levels of p-Smad1,5,8 

immunoreactivity in the apical territories. In contrast, p-Smad2 immunostaining indicated 

active TGF-β signaling in both apical and basal territories (Fig.1 L,M). 

Since the pattern of BMP signaling appeared stronger in cells in the basal territories 

proximal to Col IV rich basement membrane and vasculature (Fig. 1 G,H), we 

performed a densitometric analysis for p-Smad1,5,8 cell immunoreactivity in relation to 

distance from the basement membrane. We found a negative correlation in the 

expression of p-Smad1/5/8 and the distance from the basement membrane (Fig.1 J K). 

Based on these data, we propose that basal VSNs actively transduce BMP signaling 

and that there is gradient of active BMP intracellular signaling within the basal region of 

VNO . We then analyzed the VNE from Arx-1 null mice, which lack an olfactory bulb and 

have no connection between VSNs and the brain (Taroc et al., 2017). We found a 

similar pattern of p-Smad1,5,8 immunoreactivity as in control animals (data not shown). 

These data suggest that the identified p-Smad 1,5,8 basal to apical gradient in the VNO 

reflects locally produced morphogenic signals rather than retrograde signaling as shown 

for other systems (Ji and Jaffrey, 2012). 

 

Maturing vomeronasal sensory neurons show active BMP signaling in marginal 

regions of the VNO. 

In addition to the basal-apical BMP signaling gradient, our densitometric analysis also 

revealed significantly stronger p-Smad1,5,8 immunoreactivity in basal marginal regions 

of the VNO compared to medial regions (Fig. S1 B). The marginal regions contain 

immature basal (GAP43+; AP-2ε+; OMP-) and immature apical VSNs (GAP43+; 
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Meis2+; OMP-) (Fig. S1,C,D,F,G, Use Fig. S1A as a reference) (Brann and Firestein, 

2010; Giacobini et al., 2000). We then quantified pSmad1,5,8, AP-2ε and GAP43 

immunoreactivity (Fig. S1 B-D). We observed a higher level of expression for all three 

markers in the marginal regions of the VNO compared to medial portions where 

neurons reach maturity (OMP+)( Fig. S1 B,C,F). In contrast to the pattern of active BMP 

signaling, immunostaining and quantification for active TGF-β signaling p-Smad2 and 

apical marker Meis2 did not differentiate marginal and medial regions of the VNE (Fig. 

S1 E,G). Based on the spatial correlation between high levels of active BMP signaling 

(p-Smad 1,5,8) and the basal VSN specific transcription factor (AP-2ε) in immature 

VSNs (GAP43) (Fig. S1 B,C,D), we speculated BMP may contribute to the maturation 

process of basal VSNs. 

 

Conditional ablation of Smad4 disrupts TGF-β/BMP signaling in basal VSNs. 

To investigate the role of canonical TGF-β/BMP signaling in differentiating basal VSNs, 

we exploited AP-2εCre mice as a genetic entry point to conditionally ablate Smad4flox/flox 

(Yang et al., 2002) in immature (GAP43+) basal VSNs (Lin et al., 2018). We validated 

AP-2εCre mediated ablation at postnatal age P15. The VNO at this stage is functional 

and close to its final size, but still retains a considerable amount of immature neurons 

generated during the postnatal proliferation peak (Wakabayashi and Ichikawa, 2007). 

We validated the ablation of functional Smad4 with two approaches. We performed in 

situ hybridization using an RNA probe against exon 8 of the Smad4 gene, which is 

flanked by LoxP sites (Yang et al., 2002), and immunohistochemistry against Smad4 

(Benazet et al., 2012; Yang et al., 2002). Smad4 mRNA and protein expression analysis 

on Smad4flox/flox controls, triple heterozygous mutants AP-2εCre+/-/Smad4WT/flox/R26YFP+/- 

and traced conditional KOs AP-2εCre+/-/Smad4flox/flox/R26YFP+/- verified Smad4 ablation 

in the cells that underwent Cre mediated recombination (Fig 2 D-F2).  

In Smad4flox/flox control animals, visual observation indicated comparable Smad4 mRNA 

levels in both basal and apical territories of the VNO (Fig.2 D-D2). In triple heterozygous 

AP-2εCre+/-/Smad4flox/WT/R26YFP+/- mice, we detected weaker Smad4 expression in 

basal domains compared to apical regions, likely reflecting the loss of one allele (Fig. 
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2E-E2). In the conditional KO, the majority of cells positive for AP-2εCre recombination 

in the basal domain marked by YFP were negative for Smad4 transcript expression 

(Fig.2 F-F2). Using immunolabeling against Smad4, we confirmed the loss of functional 

Smad4 protein expression in basal territories starting at the marginal regions (Fig. 2 

G,H). Using Smad4 and YFP double-immunolabeling on sections from AP-2εCre+/-

/Smad4flox/flox/R26YFP+/- mice, we quantified the recombination efficiency of 

approximately 98% ± 0.716% (Fig. 2 I-I2) starting at the marginal zones of the VNO, 

which contains immature neurons (Use Fig.S1 A,B as a reference). 

 

AP-2εCre driven Smad4 ablation shows no clear abnormalities at 2 weeks after 

birth.  

To test the effects of Smad4 conditional ablation in maturing basal VSNs, we analyzed 

the cell composition and maturation state of cells in the VNE at P15. At this stage, we 

found a small but significant increase in the number of proliferative (Ki67+) cells, which 

suggests a compensatory response to epithelial cell loss (Lin et al., 2018), (Fig. 3 

A,B,C). However, we did not detect significant changes in the number of cells positive 

for the apoptotic marker cleaved caspase3 (Fig. 3 D,E,F). Quantification of 

immunostaining against Gαo indicated that the localization and number of basal VSNs 

within the VNO remained unchanged in AP-2εCre+/-/Smad4flox/flox (AP-

2εCre/Smad4cKO) mice. At P15, we also found no changes in the expression of the 

basal receptor V2R2 (Fig. 3 G-L). However, we did observe slightly more cells 

immunoreactive for Growth Associated Protein 43 (GAP43) throughout the VNE of the 

AP-2εCre+/-/Smad4flox/flox mice (Fig 3 M-P). These data indicate that Smad4 ablation in 

maturing basal VSNs as assayed at P15 does not significantly compromise the 

expression of basal specific proteins and neuronal position of VSNs in the epithelium or 

their survival. 

 

Conditional Smad4 ablation in maturing basal VSNs produces a severe loss of 

basal neurons in adult mice. 

The first two post-natal weeks are critical for the development of the vomeronasal organ 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted August 19, 2019. ; https://doi.org/10.1101/738393doi: bioRxiv preprint 

https://doi.org/10.1101/738393


 
 
 
 
and formation of functional synaptic connections to the AOB (Hovis et al., 2012; Roos et 

al., 1988; Weiler et al., 1999). So, we examined if Smad4 ablation affects the 

homeostasis and/or connectivity of fully mature basal VSNs. We analyzed AP-2εCre+/-

/Smad4flox/flox conditional KO (AP-2εCre/Smad4cKO) and relative control ( Smad4flox/flox ) 

at P60, which is the stage when most VSNs reach maturity and have formed functional 

connections (Hovis et al., 2012). Analysis of AP-2εCre+/-/Smad4cKO animals at P60 

revealed a 30% to 50% reduction in the number of VSNs expressing the basal markers 

Gαo, V2R2, and AP-2ε; however, we did not detect any changes in the number of apical 

(Gαi2 positive) cells (Fig. 4 A-J). The cell density of basal VSNs significantly increased 

in Smad4cKO mice compared to controls (+54.72%; p= 0.0017), while no difference in 

cell density occurred in apical VSNs. We then sought to determine if basal cells in 

Smad4cKO mice transdifferentiated into apical VSNs (Lin et al., 2018) by performing 

AP-2εCre+/-/R26R lineage tracing on Smad4 conditional mutants (AP-2εCre+/-

/Smad4flox/flox/R26YFP+/-). In contrast to the AP-2ε KOs (Lin et al., 2018) these mutants 

did not show the presence of VSNs that have transdifferentiated from basal to apical 

VSNs (Fig. 4 K-L1). 

By analyzing GAP43 expression at P60 we detected a significant increase in 

immunoreactivity in the central and the basal region of the VNO of the AP-2εCre+/-

/Smad4flox/flox (Fig.S2. A,B,E,F,I,J). By performing Smad4 and GAP43 immunostaining 

on AP-2εCre+/-/R26RYFP control and AP-2εCre+/-/R26RYFP+/-/Smad4flox/flox mice, we 

verified that elevated GAP43 immunoreactivity was limited to basal neurons that 

underwent AP-2εCre mediated recombination (Fig.S2. C-H). Double OMP/GAP43 

immunostaining showed GAP43 immunoreactivity in mature basal VSNs in AP-2εCre+/-

/Smad4flox/flox mice, while controls only showed sparse double positive cells (data not 

shown). These data suggest that Smad4 ablation in maturing basal VSNs can still form 

mature basal VSNs but can compromise aspects of maturation and long-term survival of 

basal VSNs.  

  

Smad4 ablation in basal VSNs compromises basal VSNs activation after odor 

exposure. 
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Exposure to whole male urine activates both basal and apical VSNs (Silvotti et al., 

2018). Pheromonal stimulation of VSNs induces sustained phosphorylation of S6 

ribosomal protein (pS6), which can serve as an indirect marker of neuronal activity 

(Silvotti et al., 2018). We assayed VNO function in our Smad4 cKOs by exposing male 

AP-2εCre+/-/Smad4flox/flox and Smad4flox/flox controls to whole male urine and collected the 

animals 90min after exposure. Analysis of pS6 positive cells showed a significant 

reduction in activating basal sensory neurons. These data suggest that lack of Smad4 

dependent signaling compromises the function of basal VSNs (Fig.4 M-O). 

 

Smad4 ablation in basal VSNs compromises the formation of glomeruli in the 

posterior AOB. 

Our results from AP-2εCre+/-/Smad4flox/flox experiments revealed increased GAP43 

immunoreactivity in basal VSNs (Fig. S2 A-H). Typically, GAP43 expression occurs in 

immature neurons that form an axon, undergo synaptic targeting or retain some 

plasticity (Enomoto et al., 2011; Strittmatter et al., 1990; Strittmatter et al., 1992). To 

understand if the lack of Smad4 signaling alters axonal targeting, we analyzed VSN 

projections to the AOB. Immunostaining against the basal axonal marker Robo2 (Prince 

et al., 2009) and apical axonal marker Nrp2 indicated a ~50% reduction in the area 

occupied by Robo2+ (basal neurons) axonal projections to the pAOB of AP-2εCre+/-

/Smad4flox/flox , consistent with reduced numbers of basal VSNs (Fig. 5E). We did not 

observe differences in the aAOB (Fig.5E).  

VSNs form synapses with dendrites of second order neurons within organized glomeruli 

of the AOB. Basal VSNs form synapses in the posterior region of the AOB (pAOB), 

while apical neurons project to the anterior region of the AOB (aAOB) (Brignall and 

Cloutier, 2015; Prince et al., 2013; Prince et al., 2009). To understand if Smad4 

signaling is important for axonal organization, we performed immunostaining against 

OMP, Robo2, and the presynaptic marker Vesicular Glutamate Transporter 2 (VGlut2). 

Even though these results showed well defined glomeruli in the anterior and posterior 

AOB of control animals, we detected significantly fewer and larger glomeruli in the 

posterior portion of the AOB of AP-2εCre+/-/Smad4flox/flox (Fig 5 C,D,F,G).  
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Neuronal loss in the basal VNO in adult mice and the abnormal number and size of the 

glomeruli suggest that Smad4 ablation in maturing VSNs compromises the long-term 

homeostasis of VSNs and their axonal convergence to specific glomeruli (Prince et al., 

2013). To test the function of the synaptic connections between VSNs and mitral cells in 

the AOB, we analyzed the anterior and posterior mitral/tufted cell layer (MTL) of male 

animals after male whole urine exposure. By performing immunostaining against cFos, 

we found significant reduction in the urine exposure activated mitral cells of the 

posterior AOB of the AP-2εCre+/-/Smad4flox/flox, however we also detected a reduction in 

cFos activation in the mitral cells in the anterior AOB (Fig.5 J,K,L).  

These data suggest that Smad4 ablation in basal VSNs compromises VSNs 

homeostasis, but does not prevent the formation of functional synapses. However, the 

reduction in cFos activation in the anterior AOB likely indicates a postsynaptic defect 

secondary to Smad4 ablation in the mitral cells of the aAOB. In fact, we previously 

reported that some of the mitral cells of the AOB are positive for AP-2ε lineage (Lin et 

al., 2018). 

 

Smad4 ablation in mature VSNs 

We then sought to determine if Smad4 dependent BMP/TGF-β signaling is only required 

in a defined developmental window or if it necessary to maintain long term synaptic 

function and VSNs homeostasis. So, we exploited the OMPCre mouse line to 

conditionally ablate Smad4 in both apical and basal mature VSNs. In controls, Smad4 

immunolabeling at P60 confirmed expression throughout the epithelium, while we found 

almost complete Smad4 ablation in both apical and basal territories after OMPCre 

mediated recombination (Fig 6. A,B,C). In the epithelium, the only cells positive for 

Smad4 are immature neurons which are strongly immunoreactive for GAP43 and 

negative for OMP (data not shown). 

Gross morphological observation of the VNE of OMPCre+/-/Smad4flox/flox at P60 indicated 

that the localization of apical and basal VSNs within the VNO was not altered after 

Smad4 ablation. Further, quantification of cells positive for apical and basal markers 

(Gαi2 and Gαo) did not identify differences in cell composition of the VNO among 
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genotypes (Fig. 6 D, E, F). However, we detected increased GAP43 immunoreactivity 

(Fig. 6 G,H,I) in the central and basal regions of the VNE of the OMPCre+/-/Smad4flox/flox 

mice. This result is consistent with our results in AP-2εCre+/-/Smad4flox/flox. We also 

observed a significant increase in the number of Ki67+ cells in central regions of the 

VNE in OMPCre+/-/Smad4flox/flox mice compared to controls (Fig. 6 J,K,L). However, we 

observed no changes in apoptosis among the genotypes (Fig. 6 M,N,O). 

 

Smad4 ablation in mature VSNs does not affect neuronal activation after odor 

exposure. 

We then examined whether Smad4 is required for neuronal activity of basal VSNs in a 

developmental time dependent manner. We examined VSNs neuronal activation 

following exposure to male urine. We used phosphorylated ribosomal subunit pS6 as a 

readout for VNE activation. We found no difference in the percentage of basal or apical 

VSNs activated between control and OMPCre+/-/Smad4flox/flox mice (Fig. 6 P,Q,R). This 

result suggests that Smad4 is not required for neuronal activity after basal VSNs have 

reached maturity. Next, we tested whether this conditional knockout showed impaired 

functional connectivity of VSNs. We performed immunostaining for cFos on AOB 

sections of Smad4flox/flox control and OMPCre+/-/Smad4flox/flox mice exposed to male 

whole urine. We found no significant difference in the number of cFos positive mitral 

cells for either posterior or anterior AOB.  

  

Ablation of Smad4 in mature VSNs produces a disorganized glomerular layer in 

the posterior AOB but not the anterior AOB 

Our analysis of VSNs’ projections to the AOB revealed that the number of glomeruli in 

the posterior region of AOB was significantly reduced in OMPCre+/-/Smad4flox/flox mice 

compared to controls. Within the posterior AOB region, we found a significant decrease 

in percentage of glomeruli with area less than 200(μm)2 and an increase in the 

percentage of glomeruli with area more than 800(μm)2 in OMPCre+/-/Smad4flox/flox 

compared to controls (Fig. 7 A-F). However, we did not observe any significant changes 

in average size of the glomeruli in the anterior region of AOB in OMPCre+/-/Smad4flox/flox. 
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These data indicate that Smad4 is necessary to form the correct somatosensory map 

between the basal VSNs and the posterior AOB but not for apical neurons. 

 

Loss of Smad4 alters the expression of glycoprotein and presynaptic 

components 

We then sought to elucidate the underlying molecular mechanisms that induce aberrant 

glomeruli formation in Smad4cKOs in both the models. So, we performed mRNA-seq 

transcriptome analysis of VNO from AP-2εCre+/-/Smad4flox/flox, OMPCre+/-/Smad4flox/flox, 

relative Cre heterozygous and Smad4flox/flox controls (GSE134492) mice. Our data 

indicated that a lack of functional Smad4 in immature (AP-2εCre+/-/Smad4flox/flox) basal 

VSNs induced a significant increase in the expression of genes involved in synapse 

formation and glutamate release, such as Unc13-c, Synatoptagnmin-XIII, Dlg2, Adcy3, 

Plcb2, and Nrxn1. We confirmed the changes in Unc13-c and Nrxn1 expression by 

qRT-PCR (Fig. 8 E,F). While Nrxn1 levels were significantly higher in AP-2εCre+/-

/Smad4flox/flox with respect to Smad4flox/flox controls, the increase was not significant 

compared to AP-2εCre+/- controls. However, AP-2εCre null mice (Lin et al., 2018) did not 

show significant changes in Nrxn1 expression (GSE110083). 

Transcriptome data from OMPCre+/-/Smad4flox/flox compared to relative controls 

(GSE134492) also showed significant upregulation of presynaptic molecules, such as 

synaptic signaling (Unc13-c) and synaptic assembly (Nrxn1) (Fig.8 J,K,l). These 

mutants also showed upregulated tenurin-m2 (Tenm2), which participates in defining 

neuronal diversity and glomeruli formation (Berns et al., 2018; Mosca et al., 2012). OMP 

levels can also alter normal olfactory glomerular map (Albeanu et al., 2018). Our qRT-

PCR analysis revealed similar changes in Nrxn1 levels between OMPCre+/- and 

OMPCre+/-/Smad4flox/flox. These data suggest that at least part of the aberrant Nrxn1 

expression observed in the OMPCre conditional KOs may partially stem from the 

decreased expression of OMP alone (Albeanu et al., 2018). We also observed that 

OMPCre+/- mice had intermediate, but not significantly different, Tenm2 expression level 

between WT and OMPCre+/-/Smad4flox/flox suggesting that OMP may act as a modifier 

modulating Tenm2 levels. However, there was a significant increase in Tenm2 
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expression level in OMPCre+/-/Smad4flox/flox as compared to Smad4flox/flox controls. 

Glomeruli of Smad4 null mutants resembles that described after loss of Kirrel family 

molecules (Prince et al., 2009), although our data did not indicate significant changes in 

Kirrel family molecules (data not shown).  

 

Discussion  

In this study, we conditionally ablated Smad4 at two developmental time points of 

the VSNs in order to determine the role of Smad4 mediated TGF-β/BMP signaling in the 

vomeronasal organ of mice. We found that Smad4 loss-of-function in maturing basal 

neurons alters the homeostasis of vomeronasal epithelium leading to progressive loss 

of the basal population. It also reduces the activation of the surviving basal VSNs in 

response to male urine and leads to aberrant glomeruli formation in the pAOB. 

However, interference with Smad4-mediated signaling in mature VSNs does not affect 

neuronal activity nor survival, but causes aberrant glomeruli formation in the pAOB, but 

not in the aAOB. Our data suggests that Smad4-mediated signaling may play diverse 

role depending on the developmental maturity of the basal VSNs. We also demonstrate 

that TGF-β/BMP signaling may play a more critical role in homeostasis, neuronal 

activation and axonal convergence of basal but not apical VSNs. 

Using transcriptome data, we show that the VNO expresses multiple members of 

the TGF- β /BMP family. We confirmed the expression of BMP4 and 6 by VSNs via in 

situ hybridization. Bone morphogenic proteins control proliferation, differentiation 

patterning, and survival of multiple tissues during embryonic development (Beites et al., 

2009; Kuschel et al., 2003; Le Dreau et al., 2012; Liem et al., 2000; Liem et al., 1995; 

Lim et al., 2000; Schmidt et al., 1995; Tadokoro et al., 2016; Timmer et al., 2002). Even 

though the roles of TGF-β/BMP inductive signals during embryonic development and 

their role in neuronal differentiation are well-studied, their role in homeostasis and 

connectivity during postnatal life remains largely unexplored. Mammalian olfactory 

epithelia have a large neuronal diversity and undergo continuous neurogenesis (Kondo 

et al., 2010). These features make the olfactory system an interesting model to study 

the role of morphogenic signals after birth.  
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BMPs bind with various degrees of affinity to several ECM components, including 

laminins and collagens that sustain BMP signaling by binding and activating bone 

morphogenetic proteins. Sources of collagen IV can define a BMP signaling gradient by 

restricting the signaling range by sequestrating BMPs (Bunt et al., 2010; Wang et al., 

2008) and facilitating its interaction with its receptors. We identified pronounced basal to 

apical BMP signaling gradients in the vomeronasal epithelium that were independent of 

gradients in BMP expression.  

By generating AP-2εCre/Smad4 and OMPCre/Smad4 conditional mouse mutants, we 

experimentally tested the role BMP and TGF-β Smad4 dependent intracellular signaling 

in maturing basal VSNs (AP-2εCre/Smad4) and in mature apical and basal VSNs 

(OMPCre/Smad4). Together results from both models indicate that Smad4 intracellular 

signaling is necessary for basal VSNs survival and function in a certain developmental 

period, but our data suggests that it is dispensable for apical VSNs. Ablating Smad4 

signaling in different maturation stages of VSNs exerts different outcomes. By ablating 

Smad4 in maturing basal VSNs, we found that Smad4 loss-of-function is compatible 

with the formation of the vomeronasal epithelium, as we could not distinguish the VNO 

of mutant animals from controls at two weeks after birth. However, we found 

compromised functionality of basal VSNs, aberrant connectivity to the accessory 

olfactory and reduced basal VSNs’ neuronal survival in the vomeronasal system in adult 

P60 animals.  

By analyzing cFos activation in the AOBs of AP-2εCre/Smad4 mutants after male urine 

exposure we detected reduced activation of the mitral cells in both anterior and 

posterior aAOB. While the reduction of cFOS in the posterior AOB likely reflects 

presynaptic defects secondary to Smad4 ablation in the basal VSNs, the reduction in 

cFOS activation in the aAOB likely reflect a post-synaptic defect. In fact, we previously 

reported that the mitral cells of the aAOB but not the ones of the pAOB are positive for 

AP2e lineage. Reduced cFOS activation in the aAOB of AP-2εCre/Smad4 mutants 

suggests a role for Smad4 in controlling maturation or function of the anterior mitral 

cells. 
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Conversely, Smad4 ablation in mature (OMP positive) VSNs did not affect the function 

or maintenance of basal VSNs, but affected normal formation of glomeruli in the 

posterior accessory olfactory bulb as observed in AP-2εCreSmad4cko. In both mutants, 

we found less and abnormally larger glomeruli only in the posterior AOB. 

Retrograde BMP signaling in neurons can control synaptic growth at neuromuscular 

junctions and define the neuronal identity and somatosensory map formation of the 

trigeminal nerve in rodents (Ball et al., 2010; Banerjee and Riordan, 2018; Berke et al., 

2013; Fuentes-Medel and Budnik, 2010; Hegarty et al., 2013; Hodge et al., 2007; Liao 

et al., 2018; Piccioli and Littleton, 2014). Publicly available gene expression atlases 

indicate that the olfactory bulbs express various BMPs, including BMP 1,15, 6 and 8B 

(Allen brain atlas- ISH data). Our experimental approach does not permit dissociating 

aberrant local vomeronasal BMPs signaling and putative retrograde BMP signaling from 

the AOBs. We acknowledge our observations may reflect compromised local and 

retrograde morphogenic signaling. However, we feel this is unlikely considering we saw 

similar pattern of p-Smad 1/5/8 in VNE of Arx-1 Null mice, which lack olfactory bulbs, as 

the controls (Data not shown).  

Using OMPCre mediated Smad4 ablations to alter both apical and basal VSNs, we 

observed significant changes in basal VSNs projections only. We found that the basal 

VSNs actively transduce higher levels of BMP signaling. We speculate that the basal to 

apical gradients we observed in the vomeronasal epithelium reflect local morphogenic 

signaling.  

Selective connectivity of VSNs to the mitral cells and the formation of glomeruli in the 

accessory olfactory bulbs is defined by expression of specific vomeronasal receptors, 

guidance cues like Slit and Semaphorins, and adhesion molecules, such as the Kirrel 

family (Belluscio et al., 1999; Brignall and Cloutier, 2015; Cloutier et al., 2002; Del Punta 

et al., 2000; Ishii and Mombaerts, 2011; Prince et al., 2013; Prince et al., 2009). After 

Smad4 ablation in maturing and in mature VSNs, we observed an aberrant number and 

size of glomeruli in the posterior AOB. In AP-2εCre Smad 4 cKO, we found reduced 

neuronal activity in the vomeronasal epithelium, but not in the OMPCreSmad4cKO 

mutants. The glomerular morphology in AP-2eCre Smad4cKOs resembles that 
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described in Kirrel 2,3 knockout mice (Prince et al., 2013, Brignall et al 2018). Activity 

dependent levels of cAMP (Prince et al., 2013, Albeanu et al., 2018) can modulate 

expression of Kirrel 2,3 and refine glomeruli formation. We found similar aberrant 

glomeruli in both Smad4cKO models, even though neuronal activity was hampered only 

in AP-2εSmad4cKO mutants. Based on these data, we speculate that the observed 

phenotype may be independent from the loss of neuronal activity.  

Analyzing transcriptome data of both mutants with Smad4 flox/flox and relative Cre 

controls, we did not find any indication of statically significant changes in expression 

levels of Kirrel molecules. Rather, we found upregulation of several presynaptic genes, 

including Nrxn1 and Unc13c (See supplementary data). One upregulated signaling 

protein after loss of Smad4, Nrxn1, is a transmembrane synaptic adhesive molecule 

that regulates the synaptic architecture and function in the brain. The interaction 

between trans-synaptic molecules, such as Neurexin1 and NCAM1, is crucial for 

defining pre and post synaptic target recognition alignment during synaptogenesis and 

synaptic transmission (Gerrow and El-Husseini, 2006, Scheiffele, 2003, Yamagata 

et al., 2003). If changes in Nrxn1 expression level (Ko et al., 2009; Sudhof, 2017) define 

synaptic identity, we suggest that compatibility and selective connectivity warrants 

future investigation. 

In OMPCre+/-/Smad4flox/flox mutants, we also found significant upregulation of the 

glycoprotein Tenm2, a molecule crucial for defining synaptic matching and glomeruli 

formation of olfactory neurons in drosophila (Hong et al., 2012). In both Smad4 

conditional models, we observed increased immunoreactivity for GAP43, which 

suggests compromised/incomplete neuronal maturation. We propose that Smad4 

mediated signaling may modulate the required gene expression and chromatin 

rearrangements to complete VSNs maturation. Proteins of the Nrxn1 family undergo 

dynamic expression as neurons mature during development (Harkin et al., 2017). Based 

on our findings in OMPCre+/-/Smad4flox/flox (cKO) mutants, we speculate that changes in 

Nrx1 expression arise from an overall compromised maturation rather than a direct 

Smad4 dependent regulation. Though both models showed changes in the expression 

of multiple genes that contribute to synaptic formation and maturation, we did not detect 
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obvious loss-of-function for neuronal connections between VSNs and the brain. In fact, 

both AP-2εCre and OMPCre Smad4cKOs mutants could activate mitral cells in the brain 

after urine exposure.  

Overall, we found that Smad4 signaling is necessary for connectivity and survival in 

maturing VSNs. While Smad4 can lead to formation of abnormal glomeruli, it does not 

affect survival of mature VSNs. By ablating Smad4 in maturing or in mature VSNs, we 

revealed dynamic requirements for Smad4 signaling. Based on the phenotypes we 

observed, we identified a bias in the requirement of Smad4 mediated transcription for 

basal compared to apical VSNs. We speculate that the relative position of VSNs with 

respect to BMP signaling in the epithelium may define the expression level of genes for 

glycoproteins, adhesion molecules and presynaptic components that then modulate the 

specificity and accuracy of synapse formation in the AOB. 

 

Material and Methods 

Animals 

AP-2εCre line (TfAP-2etm1(cre)Will) was donated by Dr. Trevor Williams (Department of 

Craniofacial Biology, University of Colorado). OMPCre line was donated by Dr Paul 

Feinstein (Hunter college, City University of New York). Smad4 flox/flox (Smad4tm2.1Cxd/J 

, Stock # 017462) and R26RYFP (B6.129X1-Gt(ROSA)26Sortm1(EYFP)Cos/J, Stock 

#00614) were purchased from Jackson Laboratories. Experimental analyses were 

carried out in offspring both homozygous for floxed Smad4 and AP-2εCre+/- (AP-2εCre+/-

/Smad4flox/flox or AP-2εCre+/-/Smad4cKO) or Smad4flox/flox and OMPCre+/-( OMPCre+/-/ 

Smad4flox/flox or OMPCre+/-/ Smad4cKO) , hence-forward referred to as conditional 

Smad4 mutants . The controls used were Smad4flox/flox unless otherwise indicated. 

These mice appeared healthy and survived to adulthood. Mice of either sex were used 

for ISH and IHC experiments. All experiments involving mice were approved by the 

University at Albany Institutional Animal Care and Use Committee (IACUC). 

 

Tissue Preparation 
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Tissue was collected after transcardial perfusion with first PBS and then 3.7% 

formaldehyde in PBS. Mouse brains were additionally immersion-fixed in 1% 

formaldehyde at 4°C overnight. Noses were immersion fixed in 3.7% formaldehyde in 

PBS at 4°C overnight, decalcified in 500mM EDTA for 3-7 days. After fixation and 

decalcification samples were cryoprotected in 30% sucrose overnight at 4°C, then 

embedded in O.C.T. (Tissue-TeK) and stored at -80°C.  

Samples were cryosectioned using CM3050S Leica cryostat at 16μm (nose) and 20 

μm (brain) collected on Superfrost Plus Micro Slides (VWR). All sections were stored at 

-80°C until ready for staining or in situ hybridization.  

 

Immunohistochemistry 

Primary antibodies and concentrations used in this study were, *Gt α-AP-2ε( 

2µg/ml,sc-131393 X, Santa Cruz) *Rb α-Cleaved Caspase-3 (1:1000,AB3623,Millipore), 

*Ms α-Gαi2 (1:200, 05-1403, Millipore), Rb α-Gαo(1:1000, 551, Millipore), Rb α-GAP43 

(1:500, 16053, abcam), *Rb α-Ki67 (1:1000, AB9260,Millipore), Gt α-NPN2 (1:4000, AF 

567,R&D Systems), Gt α-OMP (1:4000, 5441001, WAKO), *Ms α-Robo2 (1:100, 

376177, Santa Cruz), Rb α-V2R2 (1:4000, Gift from Dr. Roberto Tirindelli, Univ. di 

Parma, Italy), *Rb α-pSmad 2 (1:800, AB 3849, Millipore), *Rb α-pSmad1,5,8 (1:50, 

AB3848-I, Millipore), Rb α-Smad4 (1:200, AB40759, Abcam), Chk α-VGlut2(1:500, 

135416, Synaptic Systems) , *Rbα-pS6(ser 240/244) (1:500, D68F8,cell signaling tech), 

*Rbα-cFOS (1:250, cell signaling tech ). Microwave antigen retrieval in citrate buffer pH 

6 was performed for the indicated antibodies (*)(Forni et al., 2006). All primary 

antibodies were incubated at 4°C over-night. 

For immunoperoxidase staining procedures, slides were processed using standard 

protocols (Forni et al., 2013) and staining was visualized (Vectastain ABC Kit, Vector, 

Burlingame,CA) using diaminobenzidine (DAB) in a glucose solution containing glucose 

oxidase to generate hydrogen peroxide. After immunostaining sections were 

counterstained with methyl green. 
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For immunofluorescence, species-appropriate secondary antibodies were 

conjugated with Alexa-488, Alexa-594, or Alexa-568 (Molecular Probes). 

Immunofluorescent sections were counterstained with 4′,6′-diamidino-2-phenylindole 

(DAPI, 1:3000; Sigma-Aldrich) and mounted with FluoroGel (Electron Microscopy 

Services). Confocal microscopy pictures were taken on a Zeiss LSM 710 microscope. 

Bright field and epifluorescence pictures were taken on a Leica DM4000 B LED 

fluorescence microscope attached to Leica DFC310 FX camera. Images were analyzed 

and quantified using FIJI/ImageJ software.  

 

In Situ Hybridization 

Digoxigenin-labeled cRNA probes against Smad4 Exon 8, BMP4 and 6 were 

prepared by in vitro transcription (DIG RNA labeling kit; Roche Diagnostics). Plasmids 

to generate cRNA probe for Smad4 was gifted by Prof. Dr. Rolf Zeller, University of 

Basel, Switzerland and for BMP4 and 6 was provided by Dr. Kapil Bharti, Ocular and 

Stem Cell Translational Research Unit, NEI. In situ hybridization was performed as 

described (Lin etal., 2018) and visualized by immunostaining with an alkaline 

phosphatase conjugated anti-DIG (1:1000), and NBT/BCIP developer solution (Roche 

Diagnostics).  

 

Male whole urine exposure  

2-month-old male Smad4flox/flox control and conditional KO animals were single caged 2-

3 days before the experiment. Male urine was collected and pooled from mice of mixed 

background. Male control and experimental mice were exposed to male urine and then 

perfused and collected 90 mins after exposure. The brains were sectioned parasagittal 

and the noses were sectioned coronal and immunostained for cFos and pS6 

respectively. BS-Lectin I conjugated to Rhodamine (Vector) was used in order to 

distinguish between anterior and posterior AOB (Prince et al., 2013). 

 

Quantification and statistical analyses of microscopy data. 
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Data was collected from mice kept in same housing conditions. Measurements of 

areas, thickness and cell counts were performed on digital pictures using FIJI/ImageJ. 

For some of the antigens that have different expression from the tips of the VNO to the 

center of the epithelium (where cells are mostly mature neurons) cell counts were done 

overlapping a mask to equally divide the VNO in seven 36-degree angled zones (Rosa-

Prieto de la et al., 2010).  

For all AOB quantifications most medial 3 parasagittal sections per AOB were used. We 

used confocal images of triple staining against VGlut2, Npn2, and Robo2 to trace the 

VGlut2 positive glomeruli in both Npn2 positive anterior and Robo2 positive posterior 

AOB. Using Fiji imaging tool, we generated maximum intensity projection image from 

the 3D stack to increase signal to noise ratio and manually traced each glomerulus. We 

analyzed the average number and glomeruli area in anterior and posterior AOB for each 

section. This was then used to determine the overall average of all technical replicates 

from each biological replicate. Number of glomeruli within area ranges was calculated 

and then compared between genotypes. 

 In animals ≥P15, the most medial 6-8 VNE sections were quantified for each series 

and averaged. Data form each genotype was grouped and used for statistical analysis. 

Statistical analysis was performed using GraphPad, Prism 7.0b. Two tailed unpaired t-

test were used for statistical analyses and p-value less than 0.05 was considered 

statistically significant. Sample sizes and p-Values are indicated in figure legends or in 

each graph. 

 

RT-PCR 

cDNA was synthesized from 1000 ng of RNA extracted from whole VNO of P21 

Smad4flox/flox animals (n=3) by using the kit by Invitrogen Super ScriptIII First Strand 

(Cat# 18080400). Semi-quantitative RT-PCR for BMP2,3,4,6,7, TGF-β1, TGF-β2 and 

GDF10 was done using cDNA generated from RNA isolated from dissected 

vomeronasal organ of Smad4flox/flox mice using the primers indicated in Supplementary 

Table 1. 
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qPCR 

cDNA was synthesized from 500 ng of RNA extracted from whole VNO of control 
animals (P21) (Smad4flox/flox and AP-2εCre+/- or Smad4flox/flox and OMPCre+/-) and (P21) 

cKOs (AP-2εCre+/-;Smad4flox/flox or OMPCre+/-;Smad4flox/flox) by using the kit by Invitrogen 
Super Script III first strand catalogue # 18080400 . The expression of Nrxn1, 
Unc13c,Tenm2 and Robo2 was validated using qRT PCR using primers listed in 

Supplementary Table 2. Three technical replicates of each sample were run and a 
standard curve was used to get relative quantities, which were then normalized to 

ubiquitin C. 

 

Transcriptome analysis 

Total RNA was isolated using PureLink RNA mini kit Cat # 12183018A from dissected 

vomeronasal organ of control (Smad4flox/flox, AP-2εCre+/- and OMPCre+/-) and 

Smad4cKOs (AP-2εCre+/-/Smad4flox/flox and OMPCre+/-/Smad4flox/Flox ). RNA with RIN 

number higher than 8 on Agilent Bioanalyzer was used for further experiments. Libraries 

for mRNA seq were prepared using NEXTflex Rapid directional mRNA-seq Bundle, cat# 

5138-10). To prepare libraries, PolyA+ RNA was isolated from 1 microgram of total RNA 

using 2 rounds of selection with poly dT magnetic beads (BioO Scientific) and used as 

the template for 1st strand synthesis using random hexamers. Second strand synthesis 

was performed using the standard RNAseH-mediated nicking with dUTP for preserving 

strandedness. Double stranded cDNA was then used as the template for library 

construction following the manufacturer’s recommendations for 1 microgram of starting 

total RNA (BioO Scientific NextFlex). Resulting libraries were quantified using the 

NEBNext Library Quant Kit for Illumina (New England Biolabs) and sizes were 

confirmed using an Agilent Bioanalyzer. Libraries were sequenced on an Illumina 

NextSeq 500 instrument for 75 cycles in single-read orientation. The resulting raw 

sequencing files were quantified using salmon (v 0.14.0) in quant mode and the –

validateMappings flag using the ENSMBL mm10 GRC38 mouse CDS assembly. Raw 

read counts per gene were imported into R and differential gene expression was 
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determined using DESeq2 (v 1.22.2). Gene Ontology was performed using the 

MetaScape package.  
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Fig.1 TGF-β/BMP signaling in the Vomeronasal organ 

A) Transcript abundance of select BMP and TGFβ molecules according to RNASeq 

analysis. B) RT-PCR confirmation of select BMP and TGFβ molecules from RNASeq 

results. C) In situ hybridization for BMP4 and BMP6 (D) on P15 VNO shows uniform 

distribution of ligand in the neuroepithelium. E1-2) Immunofluorescence against AP-

2εR26YFP (P15) lineage tracing (green), the vasculature marker PECAM (magenta) 

and DAPI (blue) shows a close spatial association of the YFP+ basal VSNs to 

vasculature in the VNE (white arrowheads). F1-3) Immunofluorescence on WT (P21) 
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against PECAM (Magenta) and Collagen IV (ColIV, green) with a DAPI (blue) 

counterstain shows the basal lamina positive for Col IV (black arrowheads) 

encapsulating the invading vasculature (white arrows) G) Immunohistochemistry on WT 

(P15) shows p-Smad1,5,8 immunoreactivity (blackish-gray) in VSNs proximal to the 

PECAM positive (brown) vasculature transducing BMP signaling. H) Magnification of 

(G), black arrow pointing the PECAM positive vasculature and red arrow showing the p-

Smad1,5,8 positive VSNs transducing BMP. I) p-Smad1,5,8(Red) and AP-

2εCre/R26RYFP lineage tracing (green). All the basal VSNs, positive for AP-2ε-driven 

Cre recombination (YFP) have strong active BMP signaling, vasculature positive for 

only p-Smads1,5,8 (white arrow). J) Collagen IV immunostaining (Red) highlights the 

basement membrane (white arrows) and p-Smad1,5,8 cells (gray) have stronger 

immunoreactivity proximal to the sources of collagen IV (white notched arrows). K) p-

Smad1,5,8 optic density (OD) after DAB staining at 4 distance intervals from the 

basement membrane in the VNO, unpaired t-Test p (*<0.05), +/- SEM, (n=3 animals; 

individual points represent the average of 30 cells counted per interval/sections; 3 

sections/animal). L) Immunostaining anti p-Smad2 (Blue) shows TGFβ signaling in the 

VNO with no apparent gradient with respect to PECAM (brown) positive vasculature M) 

Magnification of (L) showing uniform expression of p-Smad2 in the VNE. 
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Fig. 2 

Smad4 ablation in differentiated immature basal VSNs- A,B) Double immunostaining 

on AP-2εCre+/-/R26YFP (P15) for the immature VSN marker GAP43 (magenta), YFP 

(green), and DAPI counterstain (blue) highlighting AP-2ε driven Cre recombination in 

basal VSNs. The recombination occurs specifically in immature basal VSNs. B) 

Magnification of A. C) Cartoon illustrating AP-2ε driven Cre recombination only in basal 

VSNs. D,E,F) In situ hybridization for exon 8 of smad4 in P15 Control (D) P15 Smad4 

heterozygous tracing control(E) and in P15 Smad4 homozygous traced cKO (F). 

D1,E1,F1) AP-2ε driven recombination marked by YFP immunostaining in P15 Control 

(D1) P15 Smad4 heterozygous tracing control(E1) and in P15 Smad4 homozygous 

traced cKO (F1). D2, E2,F2) YFP immunostaining highlighting AP-2ε driven 

recombination and Smad4 exon8 ISH showing uniform expression of Smad4 exon8 
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transcript in the VNE in P15 Control (D2) Lower expression of Smad4 exon 8 transcript 

in lineage traced basal VSNs in comparison to apical VSNs in P15 Smad4 

heterozygous tracing control (E2) and almost no expression of Smad4 exon 8 transcript 

in traced basal VSNs in P15 Smad4 homozygous traced cKO (F2). G,H) 

Immunostaining for Smad4 in Control(G) and cKO (H). White arrows indicate complete 

ablation of Smad4 in basal VSN. I,I1,I2) YFP immunostaining (green) highlighting AP-2ε 

driven recombination and Smad4(red) immunostaining in P15 Smad4 homozygous 

traced cKO.  

 

 
Fig. 3: Characterization of AP-2εCreSmad4 at P15 revealed minute changes in 

VSN development: A,B) Immunostaining for Ki67 positive proliferative cells in control 

(A) and cKO (B). C) Significant increase in proliferative cells was observed in the cKO( 

n=4). D,E) Immunostaining for cleaved caspase 3 in control(D) and cKO(E). F) No 

significant difference was observed in rate of apoptosis between the control and cKO( 
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n=5). G,H) Immunostaining for basal marker Gαo in control (G) and cKO (H). I) No 

significant difference was observed in number of Gαo positive cells between control and 

cKO(n=3). J,K) Immunostaining for V2R2 in control (J) and cKO (K). L) No significant 

difference for V2R2 positive cells was observed between control and cKO ( n=5). M,N) 

Immunostaining for immature marker GAP43 (green) and apical marker Meis2 

(magenta) in control (M) and cKO (N). O) Not statistically significant but an overall 

increase was observed in number of GAP43 positive immature neurons in cKO(n=6). P) 

Number of GAP43 positive cells in marginal, intermediate and central zones in control 

and cKO. Statistical analysis by two tailed unpaired, t-test. 
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Fig. 4. Characterization of AP-2εCreSmad4 at P60 reveals a progressive selection 

against basal VSNs: A, B) Immunostaining for basal marker Gαo (red) and apical 

marker Gαi2 (green) on control (A) and cKO (B). A1,B1) magnification of A and B 

respectively. C) Graph representing significant reduction in number of Gαo positive cells 

in cKO(n=5). D) Graph representing not a significant increase in Gαi2 positive 

cells(n=4). E,F) Immunostaining for AP-2 ε on Control (E) and cKO (F). E1,F1) 

Magnification of E and F respectively. G) Graph representing significant reduction in 
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AP-2ε positive cells in the cKO (n=3). H,I) Immunostaining for V2R2 on Control (H) and 

cKO (I). H1,I1) Magnification of H and I respectively. J) Graph representing significant 

reduction in V2R2 positive cells in the cKO (n=4). K,l)Immunostaining for AP-2ε driven 

recombination (YFP, magenta) and apical marker Gαi2(green) on control (K) and cKO 

(L). K1, L1) Magnification of K and L respectively. E). M) N) Immunostaining for pS6 

(grey) and apical VSN marker meis2 ( red) in control (M, magnification M1,M2) and 

cKO(N, magnification N1,N2).O) Quantification of percentage of pS6 positive apical and 

basal VSNs in control and cKO show significant reduction in percentage of pS6 positive 

basal VSNs in cKO( n=3). Statistical analysis by two tailed unpaired, t-test. 
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Fig 5. The posterior AOB of AP-2εCre/Smad4cKO is significantly smaller than 

controls and forms aberrant glomeruli.  

A,B) Double immunofluorescence against Nrp2 and Robo2 on A) P60 Control and B) 

P60 AP-2εCre Smad4 cKO. E) Area quantification shows reduced area for the pAOB 

and reduction in the total area occupied by VSNs’ fibers in the AOB of cKOs but no 

change in the aAOB( control n=4,cko n=3). C,D) Double immunostaining against Robo2 

and VGlut2 highlights the double positive glomeruli in the pAOB of controls (C) and 

cKOs (D). In the Smad4 cKOs few very large glomeruli were detected in the pAOB, 

while size and number of the glomeruli in the aAOB appeared to be unaffected. F,G) 

Quantification of average number and areas of the glomeruli in aAOB and pAOB of 

controls and AP-2εCre+/-/Smad4cKO ( n=3). H,I) The percentage of number of glomeruli 

were binned in area ranges and quantified. The graph shows significant increase in 

number of glomeruli with increased area in pAOB ( n=3). (I) with minor change in aAOB 

(H). J,K,L) Immunostaining and quantification (L) for cFOS on P60 control (Smad4flox/flox) 

and P60 AP-2εCre+/-/Smad4flox/flox, shows reduced activation in anterior (white 

arrowheads) and posterior MTL (Red arrowheads) in AP-2εCre/Smad4cKO ( Control 

n=6, cKO n=5). Statistical analysis by two tailed unpaired, t-test. 
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Fig.6 Increased GAP43 expression in VNE after Smad4 ablation in mature VSNs. 

A) Cartoon illustrating where OMP is expressed and therefore the Cre recombination is 

occurring. B,C) Smad4 ablation was confirmed by immunohistochemistry against 

Smad4 in control (B) and cKO (C). Few cells Smad4 positive cells remain in the cKO 

(arrows) as they were OMP negative. D,E,F) Immunostaining and quantification for 

basal marker Gαo (green) and apical marker Gαi2 (red). Quantification (F) shows no 

change in number of Gαo and Gαi2 VSNs in cKO as compared to control( n=3). 

G,G1,H,H1) Immunostaining for immature VSN marker GAP43 in control (G) and in 

cKO(H). Arrows indicate GAP43 immunoreactivity in VSNs from the medial zones 

(Zones 2-6) of the VNE. G1,H1) Immunostaining for basal specific marker AP-2ε and 

GAP43 indicate that GAP43 positive VSNs are predominantly AP-2ε positive. I) 

Quantification of GAP43 positive VSNs in control and cKO indicates significantly 

increased number of gap43 positive VSNs in cKO as compared to control( n=6). J,K,L) 

immunostaining and quantification for proliferative cell marker Ki67 in control (J) and 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted August 19, 2019. ; https://doi.org/10.1101/738393doi: bioRxiv preprint 

https://doi.org/10.1101/738393


 
 
 
 
cKO (K). Arrows indicated Ki67 positive cells in central regions of VNE. L) Quantification 

indicates significantly increased neurogenesis in medial zones of VNE( n=6). M,N,O) 

Immunostaining and quantification for cleaved caspase3 in control (M) and cKO (N) 

shows no change in cell death through apoptosis( n=4) . P,Q) Immunostaining for pS6 

and apical VSN marker Meis2 on control (P, magnification P1) and cKO (Q, 

magnification Q1). R) Quantification of percentage of pS6 positive apical and basal 

VSN( n=3). No significant changes were observed for either of the populations. 

Statistical analysis by two tailed unpaired, t-test. 
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Fig. 7 Only Basal VSNs form aberrant glomeruli at the pAOB in 

OMPCre/smad4cKO. A, B) Immunofluorescent staining against Nrp2,Robo2 and 

VGlut2 highlighting fibers projecting to the glomeruli in the aAOB and pAOB of controls 

and conditional mutants. C) Number of VGlut2 positive glomeruli were quantified in 

posterior and anterior glomerular region. Graph shows significant decrease in number of 

glomeruli only in posterior AOB(n=3). (D) The area of VGlut2 positive glomeruli were 

quantified and the graph shows a significant increase in the size of glomeruli only in the 

posterior AOB(n=3). (E,F) Percentage of number of glomeruli in area ranges was 

quantified between genotypes for anterior and posterior AOB. Graphs indicate no 

change in aAOB (E) and significant reduction in number of smaller glomeruli however 

significant increase in larger glomeruli in pAOB. G,H) Immunostaining and quantification 

(I) for cFOS on P60 control (Smad4flox/flox) and P60 OMPCre+/-/Smad4flox/flox, shows 

normal activation in MTL in OMPCre/Smad4cKO (n=4). Statistical analysis by two tailed 

unpaired, t-test. 

 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted August 19, 2019. ; https://doi.org/10.1101/738393doi: bioRxiv preprint 

https://doi.org/10.1101/738393


 
 
 
 

 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted August 19, 2019. ; https://doi.org/10.1101/738393doi: bioRxiv preprint 

https://doi.org/10.1101/738393


 
 
 
 
Fig. 8 Transcriptome analysis of conditional Smad4 cKO. A,B) Volcano plot 

highlighting the changes in gene expression in the two cKO with respective controls. 

C,D) Enriched pathways up and downregulated in AP-2eSmad4 cKO. E,F,G) qPCR 

validation indicated upregulation of Nrxn1,Unc13c and no changes in Robo2. H,I) 

Enriched pathway up and downregulated in OMPCre/Smad4cKO. J,K,L) qPCR 

validation confirmed the upregulation of Nrxn1, Unc13c and Tenm2.  
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S1: Spatial correlation between ability to transduce BMP, AP-2ε expression, and 

GAP43 expression. A) Cartoon illustrating neurogenesis, differentiation and maturation 

in the VNE. Most of the neurogenesis occurs at the margins followed by differentiation 

into apical or basal VSNs which then undergo maturation. The Ascl1 neuronal 

progenitor cell self-renews and divides to form first Ngn1 and then NeuroD positive 

precursor. These then differentiate into AP-2ε positive basal VSN or Meis2 positive 

apical VSN. At this point these are immature neurons and start to express GAP43. 

Upon reaching functional maturity they express olfactory marker protein (OMP). B) 

Immunohistochemistry for pSmad 1,5,8 and its densitometric analysis along the 

marginal, intermediate and central zones of VNE. Graph and heat map showing cells 

strongly positive for pSmad1,5,8 are confined to marginal zones with immunoreactivity 

significantly decreasing towards the central zones. C) Immunohistochemistry for 

immature marker GAP43 and its densitometric analysis along the VNE. Graph and heat 

map show immature neurons are largely present in the marginal zones of VNE. D) 

Immunohistochemistry for AP-2ε and its densitometric analysis. Graph and heat map 

show strong AP-2ε expressing cells in the marginal zones on VNE. E,F,G) 

Immunohistochemistry and densitometric analysis of pSmad2, OMP and Meis2. Graph 

and heat map show equal distribution of cells expressing these markers in all the zones 

of VNE. OD measured in each zone following DAB staining after dividing the VNE in 7 

zones, unpaired t-Test p (*<0.05), +/- SEM, (N=3 animals;3-4 sections per animal). 
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S2: Increased GAP43 expression with early Smad4 conditional ablation. A,E) 

GAP43 immunostaining in control (A) and cKO (E). White notched arrows point at 

GAP43 positive cells in the medial regions of VNE in the cKO (E), while in control 

GAP43 positive cells are mostly restricted to the marginal regions, empty notched 

arrows(A). B,F) magnification of A and E respectively. C,G) Immunostaining for AP-2ε 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted August 19, 2019. ; https://doi.org/10.1101/738393doi: bioRxiv preprint 

https://doi.org/10.1101/738393


 
 
 
 
driven recombination (YFP, magenta) and GAP43 (green) in control (C) and cKO (G). 

White arrows point at tracing positive GAP43 positive cells in the medial regions of VNE 

in cKO, while empty arrows point at non-traced GAP43 positive cells which are 

restricted to marginal zones(G). D,H) Immunostaining for GAP43 (magenta) and Smad4 

(black) in control (D) and cKO (H). I) Cartoon illustrating how the VNE was divided in 7 

zones for quantification purposes. J) Graph representing significant increase in GAP43 

positive cells in the medial regions of VNE in CKO, while marginal regions had 

comparable number of GAP43 positive cells in control and cKO ( N=6). 
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Term Description P value LogP Log(q-value) InTerm_InList Genes Symbols

R-MMU-2173TGF-beta receptor signaling activates SMADs 0.007285685 -2.1375296 -0.046 3/21 17126,17128,Smad2,Smad4,Tgfbr1

R-MMU-1114Apoptotic cleavage of cellular proteins 4.8008E-06 -5.3186864 -1.359 7/36 12370,16905,Casp8,Lmna,Ocln,Plec,Satb1,Stk26,Gsn,Casp9,Mapk

8

R-MMU-8856Clathrin-mediated endocytosis 0.004680007 -2.3297535 -0.126 8/135 13855,14269,Epn2,Fnbp1,Ldlr,Pip5k1c,Pacsin2,Arrb1,D130043K22

Rik,Arfgap1

mmu04110 Cell cycle 2.83801E-05 -4.5469863 -0.888 11/124 12236,12448,Bub1b,Ccne2,Mad1l1,Smad2,Smad4,Mcm3,Mcm2,

Mcm5,Cdc6,Skp2,Cdc20,Esco2,Mapk8,Poli,Chaf1a,Ts

pyl2,Fancm

GO:0051056 regulation of small GTPase mediated signal transduction 4.5913E-05 -4.3380645 -0.869 16/259 11517,11857,Adcyap1r1,Arhgdib,Eps8,Cyth1,Vav1,Icmt,Stambp,R

algps2,Arrb1,Mfn2,Ripor2,P2ry10b,Cdc42bpa,Mapka

p1,Arfgap1,Arhgap25,Plaat1,Setdb1,Rab15

R-MMU-2871FCERI mediated MAPK activation 5.18957E-05 -4.2848686 -0.869 5/22 17444,22324,Grap2,Vav1,Map2k7,Mapk10,Mapk8,Pdpk1,Fbxw11,

Ciita,Casp8,Casp9,Ldlr,Tlr11,Csf2rb,Daxx,Lmna,Sptan

1,Mapk7,Itgb2,Arhgdib,Ntf3,Tap1,Skp2,Gtf2ird1,Ifih

1,Taf5l,Mavs

GO:0000302 response to reactive oxygen species 0.005748264 -2.2404633 -0.090 10/201 18391,19229,Sigmar1,Ptk2b,Sirpa,Sphk1,Mapk7,Mapk8,Stk26,Plek

ha1,Prkaa1,Hk3

GO:0010638 positive regulation of organelle organization 0.000241309 -3.6174266 -0.635 25/595 11733,13163,Ank1,Daxx,Lmna,Smad4,Ntf3,Ptk2b,Sphk1,Tgfbr1,M

ap2k7,Mapk8,Sept9,Clip1,Nek7,Cnot2,C2cd5,Setdb1,

Prkaa1,Arrb1,Mfn2,Arid5a,Hmbox1,Gsn,5330417C22

Rik,Sept7,Nav3,Bub1b,Mad1l1,Mcm2,Top2a,Cdc6,N

aa10,Kdm4c

GO:0030029 actin filament-based process 0.000598629 -3.2228422 -0.439 28/743 11519,11857,Add2,Arhgdib,Eps8,Kcnj8,Kit,Smad4,Myo7a,Ntf3,Ptk

2b,Sirpa,Sptan1,Tgfbr1,Fmnl3,Pacsin2,Setd3,Arrb1,

Myh7,Shroom4,Wipf1,Cdc42bpa,Mapkap1,Gsn,Fhdc

1,Rap1gds1,Arhgap25,Scn3b,Gas2l3,Wipf3

R-MMU-1257PIP3 activates AKT signaling 0.009531022 -2.0208605 -0.024 9/184 12371,16590,Casp9,Kit,Pdpk1,Pip5k1c,Rnf2,Vav1,Ppp2r5c,Mapkap

1,Npcd

Term Description P value LogP Log(q-value) InTerm_InList Genes Symbols

GO:0006904 vesicle docking involved in exocytosis 0.000669419 -3.1743018 -0.118 3/44 17967,20910,Ncam1,Stxbp1,Unc13c

GO:0030534 adult behavior 8.32572E-06 -5.079578 -1.120 7/187 12288,12919,Cacna1c,Crhbp,Slc1a2,Homer2,Rnf180,Zmpste24,Sd

k1,Ncam1,Adcyap1,Atp8a1,Nhlh2,Foxo6

GO:0019722 calcium-mediated signaling 0.00016476 -3.7831474 -0.336 6/209 11938,17967,Atp2a2,Ncam1,Tenm2,Homer2,Camta1,Zmpste24,A

dcyap1

GO:0061025 membrane fusion 0.000177061 -3.751877 -0.336 5/134 20362,20910,Sept8,Stxbp1,Gosr2,Mymk,Trarg1,Atp2a2,Atp8a1,Ep

b41l3,Zmpste24,Unc13c

GO:0051968 positive regulation of synaptic transmission, glutamatergic 0.000433612 -3.362899 -0.118 3/38 11516,20910,Adcyap1,Stxbp1,Iqsec2,Unc13c

GO:0043269 regulation of ion transport 0.002099797 -2.6778228 0.000 9/731 11516,11980,Adcyap1,Atp8a1,Cacna1c,Crhbp,Stxbp1,Homer2,Tesc

,Syt13,Zmpste24

GO:1990778 protein localization to cell periphery 0.002196785 -2.6582124 0.000 6/343 13823,20910,Epb41l3,Stxbp1,Tesc,Ldlrap1,Trarg1,Iqsec2,Nup54

GO:0070509 calcium ion import 0.00460171 -2.3370807 0.000 3/86 11938,12288,Atp2a2,Cacna1c,Zmpste24,Crhbp,Ncam1,Mymk,Tnfr

sf21

GO:0006486 protein glycosylation 0.007078303 -2.1500708 0.000 4/195 14538,76483,Gcnt2,Lmf1,Galnt16,Fktn

GO:0070372 regulation of ERK1 and ERK2 cascade 0.007310688 -2.1360417 0.000 5/311 11516,14538,Adcyap1,Gcnt2,Camk2n1,Akap12,Arrb1

Term Description P value LogP Log(q-value) InTerm_InList Genes Symbols

GO:0035082 axoneme assembly 1.5095E-06 -5.8211681 -1.938 13/68 19888,21821,Rp1,Ift88,Ccdc39,Dnaic1,Spag17,Ccdc151,Ak7,Dnah5

,Zmynd10,Cfap44,Dnah7a,Cfap43,Dnah7c,Invs,Dnah

10,Bbs4,Ropn1l,Cfap54,Atg5,Stil,Sept9,Fam161a,Cel

sr3,Ccdc88a,Dync2h1,Nudcd3,Ubxn10,Iqub,Gsn,Cdc1

4a,Abcc4,Ablim3,Tmem67,Clasp1,Prc1,Capn3,Grb7,

Mef2c,Pdcd6ip,Pip4k2a,Rdx,Six4,Ldb3,Mapk8,Srpx,C

hmp4c,Map1lc3a,Stx17,Washc1,Mypn,Stx18,Cnot2,T

ubgcp2,Vmp1,Mfn2,Shank2,Pacs2,Rab7b,Ccdc136,N

sfl1c,Bin2,Cttn,Lpar1,Pmp22,Sh2b1,Espn,Ttyh1,Eps8l

1,Ap3s1,Cnp,Diaph1,Klc2,Ktn1,Met,Camsap3,Dclk2,I

nts13,Clasp2,Skap1,Cdc42bpa,Madd,Dnah9,Nav3,Ca

sc1,Saxo2

GO:0006888 ER to Golgi vesicle-mediated transport 0.007544669 -2.1223598 -0.184 11/123 12068,20334,Bet1,Sec23a,Preb,Tmed2,Stx17,Rab43,Lman1,Stx18,

Tmed5,Sec16b,Mia2

GO:0042573 retinoic acid metabolic process 0.000176642 -3.7529053 -0.746 6/23 11522,11529,Adh1,Adh7,Aldh1a1,Rdh16,Akr1c18,Dhrs9,Acss1,Dab

2,Kcnma1,Pecr,Napepld,Nus1

GO:0072659 protein localization to plasma membrane 0.000183044 -3.7374442 -0.746 24/278 11651,12988,Akt1,Csk,Dab2,Itga3,Rab3d,Rdx,Sec23a,Stx3,Pacsin1

,Pgrmc1,Pkp2,Rab13,Washc1,Nkd2,Grip1,Ankrd9,Cla

sp2,Skap1,Sytl2,Camk2d,Pacs2,Scn3b,Rab26,Pram1,

Apoe,Cacna1a,Capn3,Folr1,Itgb2,Exoc4,Snap25,Lgi1,

Ssr3,Tram1,Pex26,Tm9sf3,Gsn,Frmpd1

GO:0034330 cell junction organization 0.000302464 -3.5193267 -0.690 22/253 12340,12988,Capza1,Csk,Cttn,Ocln,Pdcd6ip,Plec,Pmp22,Ptprk,Rdx,

Abcc8,Actn4,Pkp2,Rab13,Camsap3,Marveld3,Whrn,

Vmp1,Clasp2,Clasp1,Pkp4,Plekha7,Grhl2

GO:0010498 proteasomal protein catabolic process 0.000364713 -3.4380484 -0.690 33/456 11651,11816,Akt1,Apoe,Arntl,Btrc,Dab2,Pmp22,Siah1b,Psmd2,A

mfr,Mapk8,Ppp2r5c,Dnajb9,Fbxl3,Erlec1,Ufl1,Stt3b,

Rmnd5a,Derl3,Ankib1,Osbpl7,Usp19,Nkd2,Rhbdd1,T

rim2,Kat5,Cul4a,Edem2,Mta1,Ube4a,Dlgap1,Psmf1,

Tmem67,Nsfl1c,Hipk2,Pdcd6ip,Tgfb1i1,Cnot4,Chmp

4c,Trim32,Cacul1,Usp43,Otud7b,Zranb1,Dnajc3,Rdx,

Banp,Pacsin3,Rab26,Ptpn3

GO:0016050 vesicle organization 0.000396505 -3.4017516 -0.677 22/258 12068,14339,Bet1,Aktip,Pdcd6ip,Ptbp1,Rab5c,Sec23a,Snap25,Stx

3,Syt3,Preb,Srpx,Stx17,Washc1,Nkd2,Vps16,Sec16b,

Mta1,Vps8,Rab7b,Stx16,Ccdc136,Myo18a,Akt1,Apoe

,Bcl2l11,Cd36,Cnp,Itga3,Itgb2,Mbp,Plscr2,Pmp22,Ps

ap,Sirpa,Pacsin1,Pacsin2,Sytl4,Chmp4c,Taz,Apool,Tl

cd1,Stx18,Alkbh4,Grip1,Immt,Pacsin3,Ccdc88a,Mfn2

,Gsn,Atp10d,Lpcat2,Nsfl1c,Bin2,Miga1

GO:0030029 actin filament-based process 0.000523344 -3.2812127 -0.677 47/743 11519,12288,Add2,Cacna1c,Capn3,Capza1,Cttn,Diaph1,Lpar1,Mef

2c,Met,Pak3,Pdcd6ip,Pmp22,Sirpa,Rdx,Six4,Fmnl3,D

najb6,Pacsin1,Pacsin2,Ldb3,Cttnbp2,Nox4,Rufy3,Esp

n,Actn4,Pkp2,Rab13,Washc1,Mypn,Trim32,Alkbh4,R

hoh,Clasp2,Clasp1,Bbs4,Camk2d,Ccdc88a,Cdc42bpa,

Gsn,Scn3b,Atp2c1,Myrip,Ablim3,Gpd1l,Frmpd4,Myo

18a,Arhgap40,Apoe,Cd36,Krt14,Rp1,Ift88,Mapk8,Ca

msap3,Tubgcp2,Vipas39,Nav3

GO:0030520 intracellular estrogen receptor signaling pathway 0.008641718 -2.0633999 -0.147 6/47 18600,22061,Padi2,Trp63,Uba5,Ufl1,Ufm1,Cnot2

GO:0098656 anion transmembrane transport 0.000560231 -3.2516328 -0.677 17/180 11651,11988,Akt1,Slc7a2,Cftr,Folr1,Gabrb3,Slc12a2,Slc1a1,Slc1a5

,Slc23a1,Slc7a7,Slc25a22,Ano1,Slc5a8,Slc35c2,Slc36

a4,Slc16a12,Slc7a6,Apoe,Cacna1a,Cd36,Clca3a1,Psa

p,Ttyh1,Repin1,Pla2g12a,Slc52a3,Slco1a5,Clic6,Gabr

p,Slc4a7,Ahcyl1,Atp10d,Tmem30b,Abcc4,Pla2g4f

Term Description P value LogP Log(q-value) InTerm_InList Genes Symbols

GO:0001944 vasculature development 0.000485684 -3.3136458 -0.686 14/751 11350,11481,Abl1,Acvr2b,Atf2,Col18a1,Epor,Hdac5,Igf2,Itgb3,Jun,

Nrxn1,Sox4,Mcam,Unc5b,Robo2

GO:0010770 positive regulation of cell morphogenesis involved in differentiation 3.97554E-06 -5.4006043 -1.532 9/184 11350,13829,Abl1,Dmtn,Itgb3,Map6,Ntn1,Pak1,Caprin1,Trak1,Rob

o2,Cttn,Epor,Ezh2,Itsn1,Map4,Nrxn1,Map4k4,Entr1,

Abi1,Bcl2l1,Dpysl5,Unc5b,Myo16,Col18a1,Parvb,Lhfp

l5,Spag9,Slc9b2,Ppp1r9b,Gnai2,Gas2,Jun

GO:0030036 actin cytoskeleton organization 8.42226E-06 -5.0745712 -1.465 16/661 11308,11350,Abi1,Abl1,Cnn2,Cttn,Dmtn,Fhl3,Itgb3,Pak1,Pstpip1,Tl

n1,Inf2,Cnn3,Bcr,Parvb,Ppp1r9b,Sh3pxd2b,Map4k4,It

sn1,Gcnt2,Itga11,Map4,Nrxn1,Ntn1,Entr1,Anxa5,Ezh

2,Grin2c,Jun,Dusp10,Cdkn2c,Rptor,Usp47,Map6,Bm

erb1,Bicd2

GO:0007229 integrin-mediated signaling pathway 2.85755E-05 -4.5440056 -1.193 6/89 11350,13829,Abl1,Dmtn,Itgb3,Tln1,Fyb2,Itga11,Jun,Pak1,Parvb,An

xa5,Igf2

GO:0023061 signal release 4.64461E-05 -4.3330504 -1.152 13/522 11481,11747,Acvr2b,Anxa5,Bcl2l1,Dio2,Itsn1,Nrxn1,Pak1,Sox4,Ma

p4k4,Pdzd11,Rptor,Slc9b2,Unc13c,Igf2,Stat5b,Srd5a

1,Cnn2,Dmtn,Gnai2,Itgb3,Kcnab1,Sfrp4,Bcr,Abl1

GO:0008637 apoptotic mitochondrial changes 9.88211E-05 -4.0051503 -1.067 6/111 11909,12048,Atf2,Bcl2l1,Jun,Plaur,Mllt11,Ndufs1,Cttn,Inf2,Abl1,A

cvr2b,Col18a1,Ezh2,Pthlh,Sfrp4,Sox4,Stat5b,Lhfpl5,A

nxa5,Unc5b,Trak1,Gnai2,Usp47

GO:0045859 regulation of protein kinase activity 0.000137017 -3.8632255 -0.979 14/663 11350,11481,Abl1,Acvr2b,Cdkn2c,Ezh2,Itgb3,Nrxn1,Dusp8,Pak1,M

ap4k4,Dusp10,Spag9,Rptor,Magi3,Ccnjl,Igf2,Sfrp4,At

f2,Jun

GO:0071277 cellular response to calcium ion 0.000162421 -3.7893585 -0.944 5/77 13829,16476,Dmtn,Jun,Nrxn1,Syt13,Fus,Anxa5,Abl1,Epor,Ezh2

GO:0006887 exocytosis 0.000217787 -3.661969 -0.919 10/377 12048,13829,Bcl2l1,Dmtn,Gnai2,Itsn1,Nrxn1,Pak1,Prss12,Syt13,B

cr,Unc13c,Grin2c,Rabep1,Pdzd11,Ppp1r9b,Fyb2,Sh3

pxd2b,Epor,Khsrp,Slc29a1

GO:0045785 positive regulation of cell adhesion 0.000439636 -3.3569067 -0.719 10/412 11350,13829,Abl1,Dmtn,Gcnt2,Igf2,Itgb3,Kifap3,Stat5b,Map4k4,D

usp10,Vsir,Nrxn1,Ntn1,Mcam,Robo2,Otop1,Bcr

Downregulated in OMPCre Smad4Flox/Flox vs controls (Smad4flox/flox and OMPCre +/-)

Upregulated in OMPCre Smad4Flox/Flox vs controls (Smad4flox/flox and OMPCre +/-)

Downregulated in AP-2eCre Smad4Flox/Flox vs Controls (Smad4flox/flox and AP-2eCre +/-)

Upregulated in AP-2eCre Smad4Flox/Flox vs Controls (Smad4flox/flox and AP-2eCre +/-)
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Table 1. Primers used for semi quantitative RT-PCR

Oligo sequence 5'-3' Oligo name Tm Amplification pr

CAGCCCGATCACCTCTCTTC BMP 2_fwd 59.9 573 bp

TCCACGGCTTCTTCGTGATG BMP2_rev 60.39

AACCAATGAGACACCATGATTCC BMP4_fwd 58.98 730 bp

CCTCAATGGCCAGCCCATAA BMP4_rev 60.11

TGGTGACTCGGGATGGACTC BMP6_fwd 60.97 722 bp

AAAAGCCTCCGTGGGTAAGG BMP6_rev 59.96

GGCCTGCAAGAAACATGAGC BMP7_fwd 60.11 170 bp

AGTGAACCAGTGTCTGGACGA BMP7_rev 61.03

CGCAACAACGCCATCTATGAG TGFB1_fwd 60 295 bp

TTCCGTCTCCTTGGTTCAGC TGFB1_rev 59.97

TGCTCTGTGGGTACCTTGATG TGFB2_fwd 59.72 444 bp

TAGAGGTGCCATCAATACCTGC TGFB2_rev 59.9

AAGCCAGCTCTTGGGTCATC BMP3_fwd 60.03 782 bp

TTTCAAAGAACTTAGCATACTCCTC BMP3_rev 57.09

AAGACGCTGAACTTGTCGGA BMP10_ fwd 59.61 152 bp

AACAGATCTTCGTTCTTGAAGC BMP10_Rev 57

CCCCATGCCCAAGATTGTCC GDF10_fwd 61.04 386 bp

TACCACCAGCACGGAAGAAC GDF10_rev 59.97
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Table 1. Primers used for qPCR

Oligo sequence 5'-3' Oligo name

TCACCGACCAGCCTCACAT Nrxn1 Fwd

AGTTCTGAATATGGCAGCAGAGAA Nrxn1 Rev

AGTTTGCTGAGCGAGTAGTCGAT Tenm2 Fwd

CGGGACGGCCTATGCA Tenm2 Rev

GAGACGCATCATCAAAGAAAACC Unc13c Fwd

AAGTGAAGTCTAATGGCAGTGTAAAAAT Unc13c Rev

CCCTTTCTCCCACCATATTGGT Robo2 Fwd

GGAAGCTGATGATCTCTAATACTAGGAAAA Robo2 Rev

ACAGACGTACCTTCCTCACCA UBC Fwd

 CCCCATCACACCCAAGAACAA UBC Rev
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