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Smad4-dependent morphogenic signals control the maturation
and axonal targeting of basal vomeronasal sensory neurons to the
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Ankana S. Naik, Jennifer M. Lin, Ed Zandro M. Taroc, Raghu R. Katreddi, Jesus A. Frias, Alex A. Lemus,

Morgan A. Sammons and Paolo E. Forni*

ABSTRACT

The vomeronasal organ (VNO) contains two main types of vomeronasal
sensory neurons (VSNs) that express distinct vomeronasal receptor
(VR) genes and localize to specific regions of the neuroepithelium.
Morphogenic signals are crucial in defining neuronal identity and
network formation; however, if and what signals control maturation
and homeostasis of VSNs is largely unexplored. Here, we found
transforming growth factor p (TGFB) and bone morphogenetic protein
(BMP) signal transduction in postnatal mice, with BMP signaling being
restricted to basal VSNs and at the marginal zones of the VNO: the site
of neurogenesis. Using different Smad4 conditional knockout mouse
models, we disrupted canonical TGFB/BMP signaling in either maturing
basal VSNs (bVSNs) or all mature VSNs. Smad4 loss of function in
immature bVSNs compromises dendritic knob formation, pheromone
induced activation, correct glomeruli formation in the accessory
olfactory bulb (AOB) and survival. However, Smad4 loss of function in
all mature VSNs only compromises correct glomeruli formation in the
posterior AOB. Our results indicate that Smad4-mediated signaling
drives the functional maturation and connectivity of basal VSNs.

KEY WORDS: Axonal targeting, BMP, Glomeruli, Smad4, Olfactory,
Vomeronasal sensory neurons

INTRODUCTION

Neurons form complex and conserved neuronal circuits by
innervating the dendritic compartments of specific target neurons.
A current goal in neuroscience seeks to delineate the underlying
mechanisms that establish and maintain neuronal identity, function
and connectivity. The vomeronasal organ (VNO) is a specialized
vertebrate olfactory subsystem used to detect pheromones (Cloutier
et al., 2002; Dulac, 2000; Isogai et al., 2011; Mombaerts et al.,
1996). Neurons of the vomeronasal epithelium (VNE) continue to
form postnatally (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 the mouse VNO is composed of
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vomeronasal sensory neurons (VSNs) that selectively express
receptors encoded by one of the two vomeronasal receptor (VR)
gene families: VIr and V2r (Chamero et al., 2012). V2r-expressing
neurons localize to the basal region of the VNE and target posterior
regions of the AOB (pAOB), while Vlr-expressing neurons
reside in the apical region and project to anterior regions of the
AOB (aAOB). These non-overlapping Vlr- and V2r-expressing
populations of VSNs bind different ligands, project to different
areas of the AOB and trigger distinct innate behaviors.

Olfactory sensory neurons (OSNs) of the main olfactory
epithelium (MOE) expressing a specific receptor converge upon
two out of ~1800 spatially invariant glomeruli within the olfactory
bulb (Ressler et al., 1994; Vassar et al., 1994; Wang et al., 1998).
This anatomical specificity differs in the vomeronasal system. In
this olfactory subsystem, 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). To date,
findings suggest that unidentified spatial cues in the nasal area
influence OSN gene expression and target specificity (Coleman
et al., 2019). However, our current knowledge of the underlying
signals that establish the spatial (apical-basal) identity of VSNs and
delineate specific synaptic partners remains limited.

Molecules belonging to the transforming growth factor (TGF)
super-family, such as TGF, activin and bone morphogenic proteins
(BMPs), control nervous system growth, differentiation, axonal
growth patterning and neuronal network formation (Banerjee and
Riordan, 2018; Le Dreau et al., 2012; Lee et al., 2000; Liem et al.,
2000, 1995; Schmidt et al., 1995). In Drosophila, retrograde BMP
signaling mediates neuromuscular junction synaptic growth and
cytoarchitecture (Ball et al., 2010; Piccioli and Littleton, 2014). In
rodents, BMP signaling also helps establish neuronal identity and
define somatosensory map formation in the trigeminal nerve (Ball
etal., 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). Studies investigating
specific roles for members of the TGF family in the formation of
functional circuits of the VSNs with the brain have been quite limited.

Smad4 is a central signaling molecule in canonical TGFB/BMP
intracellular signaling. Upon ligand-receptor binding, Smad4
forms a complex with phosphorylated receptor regulated Smads
(R-Smad), which then translocate to the nucleus to activate gene
transcription. The R-Smads for the BMP pathway are Smadl,
Smad5 and Smad8, whereas Smad2 and Smad3 are for the TGFpB
pathway (Shi and Massagué, 2003). Activated Smads bind with
other transcription factors to integrate signals from the TGFp family
with other signaling pathways (Hill, 2016). The binding affinity of
BMP ligands for extracellular matrix components, such as collagen
IV (Col-1V), define spatial BMP signaling gradients (Bunt et al.,
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2010; Garamszegi et al., 2010; Paralkar et al., 1991, 1992; Wang
et al., 2008). In this study, we have analyzed TGFB/BMP signaling
in the VNO and found that BMP signal transduction is limited to the
basal territories of the VNO and in the marginal zones, where VSNs
are generated. To test the role of TGFB/BMP signaling at different
cellular contexts, we exploited AP-2eCre and OMPCre mouse lines
as genetic entry points to disrupt Smad4 function in immature basal
VSNs and in mature apical and basal VSNs, respectively. Our
results suggest that Smad4-dependent morphogenic signals in
immature basal VSNs are required to complete the cellular
maturation of basal VSNs and that Smad4 dependent signaling in
both immature and mature basal VSN is crucial for proper circuit
formation between the basal VSNs and the pAOB.

RESULTS

Localization of active BMP signaling in basal VSNs

We analyzed mRNA-seq data from postnatal VNO (GSE134492)
and found that the VNE expresses multiple molecules of the BMP/
TGEF family. RT-PCR using primers for select BMP/TGF family
members produced amplicon products of the predicted size
(Table S1), confirming the expression of the identified genes
(Fig. 1A,B). We arbitrarily decided to document BMP4 and BMP6
RNA expression in tissue, as they possibly showed differential
expression. /n situ hybridization against BMP4 and BMP6 showed
their expression levels in apical and basal territories of the VNE
(Fig. 1C,D). Extracellular matrix components, such as collagen IV
(Col 1V), also participate in triggering active BMP signaling by
sequestering or immobilizing morphogens and facilitating receptor
binding (Bunt et al., 2010; Garamszegi et al., 2010; Paralkar
et al,, 1991, 1992; Wang et al., 2008). Col IV and PECAM
immunostaining indicated collagen IV expression in the basement
membrane of the VNO and around PECAM" vasculature that
invades the basal regions of the VNO (Fig. 1F-F").

If BMP signaling differentially regulates survival, maturation
or function of the two main types of VSNs, we predict the existence
of differential signaling in these two population. We therefore
examined BMP and TGFB intracellular signaling using
immunostaining against p-Smad1,5,8 and p-Smad2, respectively.
Our immunostaining results showed immunoreactivity for
p-Smad1,5,8 in PECAM-positive endothelial cells (Fig. 1I) and in
VSN in the basal territories proximal to PECAM*/Col IV* vessels
and basal lamina (Fig. 1G,H). We then confirmed that BMP
signaling localized to only the basal VSNs using sections from AP-
2eCre*’~/R26YFP lineage-traced animals (Lin et al., 2018), in which
only basal cells undergo Cre recombination (Fig. 1I). Double
immunofluorescent staining against p-Smad1,5,8 and YFP showed
that nearly all basal VSNs were positive for active BMP signaling that
began at the marginal zone (Fig. 11, Fig. S1B,D). We detected only
background levels of p-Smadl,5,8 immunoreactivity in the apical
territories. In contrast, p-Smad2 immunostaining indicated active
TGF-B signaling in both apical and basal territories (Fig. 1L,M). As
the pattern of BMP signaling appeared stronger in the basal VSNs
more proximal to the Col IV-rich basement membrane and
vasculature (Fig. 1G,H), we performed a densitometric analysis of
p-Smad1,5,8 cell immunoreactivity in relation to the distance from
the basement membrane. We found a negative correlation between
the expression of p-Smad1/5/8 and the distance from the basement
membrane (Fig. 1J,K). These data suggest that only basal VSNs
transduce BMP, with higher levels of pSmad 1,5,8 activation in the
basal VSNs proximal to the basement membrane.

Retrograde BMP signaling in neurons can control synaptic
growth at neuromuscular junctions 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). Arx-1 null mice lack an
olfactory bulb and virtually have no connection between VSNs and
the brain (Taroc et al., 2017). We analyzed the pattern of
p-Smad1,5,8 immunoreactivity in the VNO of these mice and we
found a similar pattern of p-Smadl,5,8 immunoreactivity as in
control animals (data not shown). These data suggest that the
identified p-Smad 1,5,8 immunoreactivity in the VNO reflects
locally produced morphogenic signals rather than retrograde
signaling, as shown for other systems (Ji and Jaffrey, 2012).

Maturing VSNs show active BMP signaling in marginal
regions of the VNO

In addition to basal VSN-specific BMP signal transduction,
our densitometric analysis also revealed significantly stronger
p-Smadl,5,8 immunoreactivity in marginal regions of the VNO
compared with medial regions (Fig. S1B). The marginal regions
contain the immature basal VSNs positive for growth-associated
protein 43 (GAP43) and AP-2e but negative for olfactory marker
protein (OMP) (Lin et al., 2018); immature apical VSNs positive for
GAP43; and apical VSN specific transcription factor Meis2 positive
and negative for OMP (Fig. S1A,C,D,F,G) (Brann and Firestein, 2010;
Enomoto et al., 2011; Giacobini et al., 2000). We then quantified p-
Smadl,5,8, AP-2e and GAP43 immunoreactivity in marginal versus
medial regions of the olfactory epithelium (Fig. SIB-D). We observed a
higher level of expression for all three markers in marginal regions of
the VNO compared with medial regions where VSNs reach maturity
(OMP") (Fig. SIB,C,F). In contrast, immunostaining and
quantification for the active TGFp signaling effector molecule p-
Smad2 and the apical marker Meis2 did not show differences in
marginal and medial regions of the VNE (Fig. S1E,G). The presence of
TGFB/BMP signal transduction in the VNE and the different levels of
pSmad1,5,8 immunoreactivity in immature VSN (marginal zones) and
in mature basal VSNs (medial basal zone) prompted us to investigate
whether BMP controls maturation or homeostasis of basal VSNGs.

Conditional ablation of Smad4 disrupts TGF-§/BMP signaling
in basal VSNs
To elucidate the role of canonical TGF-B/BMP signaling in
differentiating basal VSNs, we exploited AP-2eCre mice as a
genetic entry point to conditionally ablate Smad47°¥1°x (Yang
etal., 2002) in immature basal VSNs (Lin et al., 2018). We validated
AP-2eCre mediated Smad4 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). To wvalidate the ablation of functional Smad4, 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 Smad41°¥fox controls, triple heterozygous mutants AP-
2eCre"~/Smad4W T 1o/R26YFPY~ and traced conditional KOs
AP-2eCre"’~/Smad41°¥/1ox/R26Y P/~ verified Smad4 ablation in
the cells that underwent Cre-mediated recombination (Fig. 2D-F").
In Smad4f°¥flox control animals, visual inspection indicated
comparable Smad4 mRNA levels in both basal and apical territories
of the VNO (Fig. 2D-D”). In triple heterozygous AP-2eCre"’~/
Smad41o¥WT/R26YFPH~ mice, we detected weaker Smad4 expression
in basal domains compared with apical regions, likely reflecting the
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Fig. 1. TGF-B/BMP signaling in the VNO. (A) Transcript abundance of BMP and TGFp molecules according to RNASeq analysis. (B) RT-PCR confirmation of
BMP and TGFf molecules, the white gap distinguishes between two different parts of the same gel. (C,D) In situ hybridization for BMP4 (C) and BMP6 (D) on P15
VNO. Arrows indicate VSNs positive for BMP4 (C) and BMP6 (D) transcript. (E,E’) Immunofluorescence against AP-2¢eR26YFP (P15) lineage tracing, the
vasculature marker PECAM (magenta) and DAPI (blue) shows a close spatial association of YFP* (green) basal VSNs to vasculature (white arrowheads). Arrows
indicate the vasculature. (F-F”) Immunofluorescence in wild type (P21) for PECAM (magenta) and collagen IV (CollV, green) with DAPI (blue) shows the basal
lamina positive for Col IV (black arrowheads) encapsulating the invading vasculature (white arrows). (G) Immunohistochemistry in wild type (P15) for p-Smad1,5,8
immunoreactivity (gray cells, white arrowheads) in VSNs proximal to the PECAM-positive (brown) vasculature-transducing BMP. (H) Magnification of G. Black
arrowhead indicates PECAM™ vasculature; red arrowhead indicates p-Smad1,5,8-positive VSNs transducing BMP. (1) p-Smad1,5,8 (red) and AP-2¢Cre/
R26RYFP lineage tracing (green). Basal VSNs, which are positive for AP-2eCre recombination (YFP), have strong BMP signal transduction. White arrowhead
indicates vasculature positive for p-Smad1,5,8. (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 arrowheads). (K) p-Smad1,5,8 optical density (OD) after DAB staining

at four distance intervals from the basement membrane in the VNO; unpaired t-test, *P<0.05; data are meanzts.e.m., n=3 animals; individual points represent the
average of 30 cells counted per interval/sections; three sections/animal. (L) Immunostaining using anti-p-Smad2 (blue) shows TGFp signaling in the VNO with
uniform immunoreactivity in all VSNs. (M) higher magnification of L showing uniform expression of p-Smad2 in the VNE.

loss of one allele (Fig. 2E-E”). In the conditional KO, most cells Using immunolabeling against Smad4, we confirmed the loss of
positive for AP-2eCre recombination in the basal domain marked by ~ functional Smad4 protein expression in basal territories starting at

YFP were negative for Smad4 transcript expression (Fig. 2F-F”).  the marginal regions (Fig. 2G,H). Using Smad4 and YFP
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Fig. 2. Smad4 ablation in differentiated immature basal VSNs. (A,B) Immunostaining of AP-2eCre*'-/R26YFP (P15) for the immature VSN marker GAP43
(magenta), YFP (green) and DAPI (blue), highlighting AP-2¢Cre recombination in basal VSNs. (B) Magnification of A. (C) Cartoon illustrating AP-2¢Cre
recombination in basal VSNs. Lines and numbers indicate the seven different sectors of the VNO, where sectors 1 and 7 are the marginal regions, which is where
neurogenesis occurs, and 2-6 are medial. (D-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). (D’,E’,F’) AP-2eCre recombination marked by YFP immunostaining in P15 control (D’), P15 Smad4 heterozygous
tracing control (E’) and in P15 Smad4 homozygous traced cKO (F’). (D”,E”,F”) YFP immunostaining highlighting AP-2¢Cre recombination and Smad4 exon 8
in situ hybridization showing uniform expression of a Smad4 exon 8 transcript in the VNE in P15 control (D”), lower expression of Smad4 transcript in lineage-
traced basal VSNs in comparison with apical VSNs in P15 Smad4 heterozygous tracing control (E”), and almost no expression of Smad4 transcript in traced basal
VSNs in P15 Smad4 traced cKO (F”). White arrows indicate Cre recombination (YFP). Black arrows indicate detectable or non detectable Smad4.

(G,H) Immunostaining for Smad4 in control (G) and cKO (H). White arrows indicate complete lack of Smad4 in basal VSN. (I-I") YFP (green) and Smad4
(red) immunostaining shows AP-2eCre recombination in P15 Smad4 homozygous traced cKO.

double-immunolabeling on sections from AP-2eCre*~/Smad4flox/flox/
R26YFP*~ mice, we quantified the recombination efficiency at ~98%
+0.716% (Fig. 21-1") starting at the marginal zones of the VNO, which
contains immature neurons (use Fig. S1A,B as a reference). Our data
confirmed the high specificity and penetrance of Cre-mediated Smad4
ablation in maturing basal VSNs.

AP-2¢Cre driven Smad4 ablation does not alter the cellular
composition of the VNO 2 weeks after birth

The first 2 postnatal weeks are a crucial period for development and
growth of the VNO and the accessory olfactory bulb (Hovis et al.,
2012). We analyzed the cell composition and molecular expression of
VSNs at P15. At this stage, we found a small but significant increase

in the number of proliferative (Ki67") cells in the VNE of AP-2eCre"’
~/Smad4flo¥/flox (AP-2¢Cre/Smad4cKO). Even though these results
could suggest a compensatory response to epithelial cell loss (Lin
etal., 2018) (Fig. 3A-C), we did not detect significant changes in the
number of cells positive for the apoptotic marker cleaved caspase 3
(Fig. 3D-F). Quantification of immunostaining against Gao indicated
that the localization and number of basal VSNs remained unchanged
in AP-2eCre"~/Smad4°¥flox mice. We also found no changes in the
expression of the basal receptor V2R2 (Fig. 3G-L). However, we did
observe slightly more cells immunoreactive for GAP43 in the basal
territories of the VNE of the AP-2eCre"’~/Smad41o¥iox mice
(Fig. 3M-P). These data indicate that Smad4 ablation in maturing
basal VSN, as assayed at P15, does not directly compromise the
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Fig. 3. Characterization of AP-2sCreSmad4 at P15 shows minute changes in the development of VSNs. (A,B) Ki67 immunostaining in control
(Smad4fe¥floxy (A) and cKO (B). Red arrows and red arrowhead indicate proliferative cells in marginal and medial regions, respectively. (C) A significant
increase in the number of proliferative cells was observed in the cKO (n=4). (D,E) Immunostaining for cleaved caspase 3 in control (D) and cKO (E). (F) No
difference was observed in apoptosis between control and cKO (n=5). (G,H) Immunostaining for the basal marker Goo in control (G) and cKO (H). (I) No significant
difference was observed in the number of Goo* cells between genotypes (n=3). (J,K) Immunostaining for V2R2 in control (J) and cKO (K). (L) No difference
in the number of V2R2* cells was observed between genotypes (n=5). (M,N) Immunostaining using anti-GAP43 (green) and for the apical marker Meis2
(magenta) in control (M) and cKO (N). (O) A trend towards an overall increase was observed in the number of GAP43-positive immature neurons in cKO (n=6).
(P) The number of GAP43-positive cells in marginal, intermediate and central zones among genotypes. Statistical analysis was carried out using a two-tailed

unpaired t-test. Data are meants.e.m.

expression of basal-specific proteins, the neuronal position of VSNs
in the epithelium or the neuronal cell number.

Conditional Smad4 ablation in maturing basal VSNs
produces a severe loss of basal neurons in adult mice
Using our validated AP-2eCre/Smad4cKO, we examined whether
Smad4 ablation in immature basal VSNs affects the homeostasis
and/or connectivity of basal VSNs over time. This time dependency
is crucial, as postnatal growth of the VNO and response to stimuli
refines synaptic connections to the AOB (Hovis et al., 2012; Roos
et al.,, 1988; Weiler et al., 1999). We therefore analyzed AP-
2eCre*’~/Smad41°'1°x and relative controls (Smad41°¥/flox) at P60,
which is the stage when most VSNs have formed functional
connections (Hovis et al., 2012). At P60 we detected a 30-50%
reduction in the number of VSNs expressing the basal VSN markers
Goo, V2R2 and AP-2¢; however, we did not detect changes in the
number of Gai2-positive apical VSNs (Fig. 4A-J).

We then sought to determine whether basal cells in AP-2eCre/
Smad4cKO mice transdifferentiated into apical VSNs (Lin et al.,
2018). AP-2eCre"~/R26R lineage tracing on Smad4 conditional

mutants (AP-2eCre*’~/Smad471o¥/M1ox/R26YFP*/~) did not show the
presence of traced VSNs that have transdifferentiated from basal
to apical VSNs (Fig. 4K-L’). By analyzing GAP43 expression
at P60 we observed increased immunoreactivity in the medial
basal region of the VNO of the AP-2eCre*’~/Smad4flox/flox
(Fig. S2AB,EFLJ). By performing Smad4 and GAP43
immunostaining on AP-2eCre”/R26RYFP control and AP-
2eCre"~/R26RYFP=/Smad4o¥/Mox mice, we verified that elevated
GAP43 immunoreactivity was limited to basal neurons that underwent
AP-2eCre mediated recombination (Fig. S2C,D,G,H). Double OMP/
GAP43 immunostaining showed GAP43 immunoreactivity in mature
basal VSNs in AP-2eCre"~/Smad4m°¥1°% mice, while controls only
showed sparse double-positive cells (Fig. S2K-N). Taken together,
these data show that Smad4 ablation in maturing basal VSNs
compromises maturation and long-term survival of basal VSNG.

Smad4 ablation in maturing basal VSNs compromises
neuronal response to odor stimuli

Impaired vomeronasal signal transduction leads to a slow and
progressive cell loss during postnatal life. Consistent with
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Fig. 4. The AP-2eCreSmad4cKO at P60 reveals a progressive loss of basal VSNs, reduced odor response and aberrant dendritic knob formation.
(A,B) Immunostaining for the basal marker Gao (labeled in red, white arrow) and the apical marker Gai2 (green) in control (Smad47°¥f°x) (A) and cKO (B).
(A’,B’) Magnification of A and B, respectively. (C) Graph representing a significant reduction in the number of Gao-positive cells in the cKO (n=5). (D) Graph
representing a non-significant increase in the number of Gai2-positive cells (n=4). (E,F) Immunostaining for AP-2¢ (black arrows) in control (E) and cKO (F).
(E’,F’) Magnification of E and F, respectively. (G) Graph representing a significant reduction in the number of AP-2¢* cells in the cKO (n=3). (H,l) Immunostaining
for V2R2 (white arrows) in control (H) and cKO (). (H’,I’) Magnification of H and |, respectively. (J) Reduction in the number of V2R2-positive cells in the cKO (n=4).
(K,L) Immunostaining for AP-2¢Cre recombination (YFP, magenta) (white arrow) and the apical marker Gei2 (green) in control (K) and cKO (L).

(K’,L") Magnification of K and L. (M-N’) Immunostaining for pS6 (gray) and the apical VSN marker Meis2 (red) in control (M; higher magnification in M’) and cKO
(N; higher magnification in N’); a and b, apical and basal, respectively. Arrowheads indicate pS6* basal VSNs. (O) Quantification of the percentage of pS6-positive
apical and basal VSNs in control and cKO shows a significant reduction in the percentage of pS6-positive basal VSNs in the cKO (n=3). Violin plots indicating the
mean percentage of pS6* VSNs/biological replicate. (P,Q) Immunostaining for YFP and TMEM16A highlights the dendritic knobs in the apical regions of

the VNE of controls (AP-2eCre*~;R26YFP) (P, arrows). No or low TMEM16A expression was found on the few recognizable knobs of AP-2e CreSmad4CKO basal
cells (Q, arrows). (R-S”) YFP, OMP and villin immunoreactivity in the dendritic knobs in controls (see arrows in R-R”). No colocalization (S) or well-defined knobs
(compare R” and S’) was identified in traced basal cells in AP-2eCreSmad4CKO (S’ and S”, arrows; R-S”). (T) Quantification of mean intensity of TMEM16a
immunofluorescence in the knobs of controls and AP-2eCreSmad4CKO. Violin plots indicating mean TMEM16a fluorescence intensity/biological replicate.
(U) Average fluorescence levels of basal knobs of controls were used as a parameter to identify ‘normal’ dendritic knobs (see Materials and Methods).
Quantification of OMP; YFP* basal knobs over the total number of villin*/OMP* knobs/section showed that around 50% of the knobs in controls were basal.
In AP-2eCre/Smad4 cKOs, few basal knobs were comparable with controls. Violin plots indicating the mean percentage of basal dendritic knobs/biological
replicate. Statistical analysis was carried out using a two-tailed unpaired t-test.

observations in other mutants with reduced chemosensory detection  reported by others (Montani et al., 2013), we could not relate the
(Chamero et al., 2011; Montani et al., 2013; Stowers et al., 2002), in  slow reduction in cell number with an acute increase in apoptosis.
AP-2eCre™~/Smad419flX mice, we observed that basal VSNs To determine if the observed cell loss was related to impaired
form (Fig. 3) but decrease in number over time (Fig. 4C-G). As functionality of VSNs, we tested whether VSNs in mutant mice
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were able to detect pheromones. Pheromones carried by whole-male
urine activate both basal and apical VSNs (Silvotti et al.,
2018). Stimulation of VSNs by pheromones induces sustained
phosphorylation of S6 ribosomal protein (pS6), which can serve as
an indirect marker of neuronal activity (Silvotti et al., 2018). We
assayed the functionality of VSNs by exposing male AP-2eCre"~/
Smad41o¥lox and Smad41o¥/flox controls to whole-male urine and
assayed pS6 levels 90 min after exposure. Quantification of pS6*
cells showed that, in the mutants, where we observed a 30-50%
reduction in the number of basal VSNs (Fig. 4M-0), only ~23% of
remaining cells were able to respond to whole-male urine stimuli.
These data indicate that the lack of Smad4 starting from immature
stages compromised the ability of basal VSN to detect and respond
to pheromones (Fig. 4M-O).

Basal neurons of AP-2:Cre*'-/Smad4f°*/flox mutants have
aberrant dendritic knobs

We then examined the mechanism underlying the impaired function of
basal VSNs in AP-2eCre"'~/Smad4°¥1°* mice. Pheromone detection
requires the interaction of molecules with the VRs along the apical
microvilli. The VNO receptor potential in response to odorants is
generated in the microvilli and dendritic knobs. The dendritic knobs of
all VSN are located at the apical surface of the VNE. By comparing
transcriptome data for AP-2eCre"~/Smad47°¥1°% with wild type and
AP-2eCre*'~ controls, we found that AP-2eCre*~/Smad4f1°¥/fox haye
a significant reduction in mRNA levels for the calcium-activated
chloride channel (CaCC) TMEM16A/anoctamin 1, which is encoded
by the gene Anol (Francia et al, 2014; Miinch et al., 2018).
TMEMI6A is expressed on the vomeronasal dendritic microvilli
(Hofer et al., 2000; Minch et al, 2018). We performed
immunostaining for TMEM16A on R26YP traced Smad4cKO
(AP-2eCre"~/R26RY"*~/Smad4flovflox)y  and AP-2eCre controls
(AP-2eCre”~/R26R¥™*~). This analysis confirmed a significant
reduction in levels of TMEMI16A immunoreactivity in the dendritic
knobs of basal VSNs of AP-2eCre”/R26RY""~/Smad4flox/flox
compared with controls (Fig. 4P,Q,T).

When performing this analysis, we realized that the dendritic knobs
were harder to identify in the conditional KOs, whereas they appeared
clear and distinct in controls (Fig. 4P-S’, arrows). To determine
whether AP-2eCre"’~/Smad4/¥1°x had overall defective dendritic
knobs, we performed immunostaining against OMP, the microvilli
marker villin and YFP (Fig. 4R-S”). All knobs were identified via
OMP;villin colocalization, while the knobs of the basal neurons were
identified using OMP, villin and YFP colocalization. As expected, in
control animals, the basal dendritic knobs constituted around 50% of
the total knobs (Fig. 4U). Using the intensity of YFP immunoreactivity
of controls as an arbitrary cutoff for normal knobs, we found that only a
small percentage of the basal dendritic knobs of the cKO were
comparable with the ones of controls (Fig. 4U).

Based on quantification for TMEM16A and villin at P60, our results
suggest that loss of Smad4 activity in maturing VSNs compromises
normal dendritic knob formation, which then impairs the functionality
of basal VSNs. Notably similar defects in the basal dendritic knobs
were observed at P15 (not shown), when no differences in cell numbers
were found (Fig. 3). Overall, these data suggest that aberrant gene
expression and defective neuronal development precedes and likely
causes the reduction of basal VSNs over time.

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

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, 1992). Data from AP-2eCre"~/
Smad4fo¥flox mice indicated increased GAP43 immunoreactivity in
basal VSNs (Fig. S2). To determine whether the lack of Smad4
signaling alters axonal formation or 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 basal neuronal
projections in the pAOB, consistent with reduced numbers of basal
VSN (Fig. SE). No changes were observed in the aAOB (Fig. SE).
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 aAOB (Brignall and Cloutier, 2015; Prince et al.,
2013, 2009). We then determined whether Smad4 signaling is
important for axonal organization by 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 pAOB of control animals, we detected fewer and
larger glomeruli in the pAOB of AP-2eCre”~/Smad4flox/flox
(Fig. 5C,D,F,G).

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 whether basal VSNs and mitral cells in the AOB can
form any functional connection, we analyzed the anterior
and posterior mitral/tufted cell layer (MTL) of male animals after
whole-male urine exposure. Fos is an immediate early gene broadly
used as a marker for neuronal activation in AOB (Kumar et al.,
1999). By performing Fos immunostaining after urine exposure,
we found a dramatic reduction in its levels in activated mitral cells of
the pAOB of the AP-2eCre”~/Smad471°f1°x mice; however, we
also detected a reduction in activated mitral cells in the
aAOB (Fig. 5J-L). These data suggest that Smad4 ablation in
basal VSNs compromises VSNs homeostasis and pheromone-
induced neuronal activation. However, Smad4 ablation does not
completely prevent the formation of functional synapses, as some
signs of synaptic activity were still found in the AOB. The reduction
in Fos expression in activated mitral cells in the aAOB could
indicate a postsynaptic defect secondary to Smad4 ablation in the
mitral cells of the aAOB. In fact, we have previously reported
that some mitral cells of the AOB are positive for AP-2e lineage
(Lin et al., 2018).

Smad4 ablation in mature VSNs

Smad4 ablation in immature basal VSNs indicates that a lack of
intact Smad4 gene impairs the formation of functional basal VSN,
proper glomeruli formation and cell homeostasis. However,
neuronal activity can partially influence VSN connectivity to
mitral cells (Hovis et al., 2012), which complicates determining the
level at which Smad4 plays a role in these potentially interconnected
phenotypes. We therefore sought to determine whether Smad4-
dependent signaling is differentially required at distinct
developmental timepoints. We exploited the OMPCre mouse line
to conditionally ablate Smad4 in both apical and basal VSN after
they reached maturity. 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. 6A-C). In the
epithelium, the only cells positive for Smad4 were immature
neurons, which showed immunoreactivity for GAP43 and not for
OMP (data not shown).
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Fig. 5. pAOBs of AP-2:Cre/Smad4cKO are smaller and have aberrant glomeruli. (A,B) Immunofluorescence against Nrp2 and Robo2 on (A) P60 control
(Smad4fofloxy and (B) P60 AP-2eCre Smad4 cKO. a, anterior; p, posterior. (E) Quantification shows a reduced pAOB area and a reduction in the total area
occupied by VSN fibers in the AOB of cKOs (control n=4, cKO n=3). Data are meanzts.e.m. (C,D) Immunostaining against Robo2 and VGlut2 highlights the
glomeruli in the pAOB of controls (C, arrow) and cKOs (D, arrow). In the Smad4 cKOs, few and larger glomeruli were detected in the pAOB, whereas aAOB
appeared to be unaffected. (F,G) Quantification of the average number and areas of the glomeruli in aAOB and pAOB of controls and AP-2eCre*~/Smad4cKO
(n=3). Data are meants.e.m. (H,l) The percentage of the number of glomeruli were binned in area ranges and quantified. The graphs (n=3) show an

increase in the number of glomeruli with increased area in the pAOB (l) with a minor change in aAOB (H). Violin plot indicating the mean percentage of total
glomeruli in size ranges/biological replicate. (J-L) Immunostaining (J,K) and quantification (L) for Fos on P60 control (Smad4°xf°x) and P60 AP-2eCre*/~/
Smad4fioxflox shows reduced activation in anterior (white arrowheads) and posterior (red arrowheads) MTL in AP-2eCre/Smad4cKO (control n=6, cKO n=5).
Violin plot indicating the mean density of Fos cells/biological replicate. Statistical analysis was carried out using a two-tailed unpaired t-test.
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Fig. 6. Increased GAP43 immunoreactivity after Smad4 ablation in mature VSNs. (A) Cartoon illustrating OMPCre recombination. (B,C) Immunohistochemistry
against Smad4 in control (B) and cKO (C). Few Smad4-positive cells remain in the cKO (arrows), as they were OMP negative. (D-F) Immunostaining (D,E) and
quantification (F) for the basal marker Goo (green) and the apical marker Gai2 (red). Quantification (F) shows no change in the number of Gao and Gei2 VSNs in cKO
compared with controls (Smad4/°¥°X) (n=3). Data are meanzts.e.m. (G,H) GAP43 immunostaining in control (G) and in cKO (H). Arrows indicate GAP43
immunoreactivity in VSNs from the medial zones (zones 2-6) of the VNE. (G’,H’) Immunostaining for AP-2e and GAP43 indicate that GAP43-positive VSNs are
predominantly AP-2¢ positive. (I) Quantification of GAP43-positive VSNs indicates a significantincrease in cKOs compared with controls (n=6). Data are meanzts.e.m.
(J,K) Ki67 immunostaining and quantification in control (J) and cKO (K). Arrows and arrowheads indicate proliferative cells in marginal and medial regions

of VNE, respectively. (L) Increased neurogenesis in the medial zones of the VNE (n=6). Data are meants.e.m. (M-O) Immunostaining (M,N, arrowheads) and
quantification (O) of cleaved caspase 3 in control (M) and cKO (N) shows no change in apoptosis (n=4). Data are meanzs.e.m. (P-Q’) Immunostaining for pS6 (gray)
and apical VSN marker Meis2 (green) in control (P; higher magnification in P’) and cKO (Q; higher magnificationin Q’). (R) Quantification of percentage of pS6-positive
apical and basal VSNs (n=3). Violin plots indicating the mean percentage of pS6* VSNs/biological replicate. Statistical analysis was carried out using a two-tailed

unpaired t-test.

Morphological observation of the VNE of OMPCre"~/
Smad4o¥ox mice at P60 indicated that the localization of
apical and basal VSNs within the VNO was not altered
after Smad4 ablation. Furthermore, quantification of cells
positive for apical and basal markers (Goi2 and Gowo) did not
show differences in VNO cell composition between control
(Smad4fo¥/floxy  and  OMPCre"’~/Smad41°ox  (Fig.  6D-F).
However, we detected increased GAP43 immunoreactivity
(Fig. 6G-I) in the central and basal regions of the VNE of
the OMPCre*~/Smad4f°o¥f°x mice. This result is consistent
with what we observed in AP-2eCre”~/Smad47o¥/flox mice.
OMPCre*'~/Smad41°¥f1°% mice showed an increase in the
number of proliferative (Ki67+) progenitors in central regions of
the VNE (Fig. 6J-L), with no changes in apoptosis among the
genotypes (Fig. 6M-0). These data indicate no dramatic changes
in the VNE after Smad4 ablation in mature VSNSs.

Smad4 ablation in mature VSNs does not compromise
neuronal activation after odor exposure

We then determined whether Smad4 is required for VSN activity in
response to olfactory stimuli. We examined VSN activation after
whole-male urine exposure by exploiting pS6 as a readout for VSN
activation (Silvotti et al., 2018). OMPCre"~/Smad4o¥flox mice
showed no difference in the percentage of basal or apical VSN
activation compared with controls (Fig. 6P-R). This result suggests that
Smad4 ablation, after VSNs have reached maturity, does not
compromise the ability of VSNs to respond to stimuli. Next, we
performed immunostaining against Fos on AOB sections of controls
and OMPCre"~/Smad4°¥1°X mice previously exposed to whole-male
urine. This analysis did not reveal differences in the functional
connectivity of VSN to the brain among genotypes (Fig. 7G-I). Based
on these results, we conclude that mature neurons do not require Smad4
activity for odor detection, synaptic formation and cell homeostasis.
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Ablation of Smad4 in mature VSNs produces a disorganized
glomerular layer in only the pAOB

By analyzing VSN projections to the glomeruli in the AOB of
OMPCre"”~/Smad4fo¥flox mice compared with controls, we found a
reduced number of glomeruli in the pAOB. Within the pAOB of
OMPCre*~/Smad41°¥fox mutants, we found a significant decrease
in the percentage of glomeruli with an area less than 200 um? and an
increase in the percentage of glomeruli with an area more than 800
um? (Fig. 7A-F). However, we did not observe changes in the

Fig. 7. Basal VSNs form aberrant glomeruli in the pAOB in OMPCre/
Smad4floxflox_ (A B) Immunofluorescence against Nrp2, Robo2 and VGlut2,
highlighting fibers projecting to the glomeruli in the aAOB and pAOB. a,
anterior; p, posterior. (C) Number of VGIut2* glomeruli in posterior and anterior
glomerular regions. Graph shows a decrease in the number of glomeruli in
pAOB (n=3). Data are meanzs.e.m. (D) The area of VGlut2* glomeruli were
quantified. Graph shows an increase in the size of glomeruli in the pAOB (n=3).
Data are meanzs.e.m. (E,F) Percentage of glomeruli in area ranges was
quantified between genotypes for aAOB and pAOB, showing no change in
aAOB (E), and a significant reduction in the number of smaller glomeruli and an
increase in larger glomeruli in pAOB (F). Violin plot indicating the mean
percentage of total glomeruli in size ranges/biological replicate (G-I)
Immunostaining (G,H) and quantification (I) of Fos in P60 controls
(Smad4foflox) and P60 OMPCre*~/Smad41o¥/fox shows normal activation in
MTL in OMPCre/Smad4cKOs (n=4). Violin plot indicating the mean of density
of Fos cells/biological replicate. (J,K) Cartoon summarizing phenotypes
observed in basal VSNs and AOBs of (J) AP-2eCre*~/Smad4fo¥/flox gnd

(K) OMPCre*-/Smad4fo¥/flox Statistical analysis was carried out using a
two-tailed unpaired t-test.

average glomeruli size in the aAOB in OMPCre"’~/Smad41o¥/flox,
These observations indicate that, even as the neurons start to mature
(Prince et al., 2009), Smad4 is necessary to form the correct
connections of the basal VSNs to the pAOB but not for apical
neurons. Moreover, the aberrant glomeruli formation in OMPCre
mutants, in which we detected no defects in odor detection
and homeostasis, suggest a specific role for Smad4 in defining
postsynaptic targeting.

Loss of Smad4 alters the expression of several surface
molecules and presynaptic components

To further elucidate the underlying molecular mechanisms
that induce aberrant glomeruli formation in Smad4cKOs, we
performed mRNA-seq transcriptome analysis of whole VNOs from
AP-2eCre"’~/Smad4f1o¥fox . OMPCre"'~/Smad41°¥flox relative Cre
heterozygous control and Smad4/1°¥/flox control (GSE134492) mice.
Our data indicated that a lack of functional Smad4 in immature (AP-
2eCre*~/Smad4°¥M1°X) basal VSNs induced a significant increase in
the expression of genes involved in synapse formation and glutamate
release, including Unc13c, synatoptagmin XIII, Dig2, Adcy3, Plcb2
and Nrxnl. We confirmed the changes in Uncl3c and Nrxnl
expression by qRT-PCR (Fig. 8E,F). Notably, a previous study found
that the levels of none of these genes was altered in AP-2eCre null
mice compared with controls (Lin et al., 2018) (deposited in GEO
under accession number GSE110083).

Transcriptome data from OMPCre"~/Smad4fo¥flox  mice
compared with relative controls (GSE134492) also showed
significant upregulation of presynaptic molecules, such as those
involved in synaptic signaling (Uncl3c) and synaptic assembly
(Nrxn1) (Fig. 8J-L). These mutants also showed changes in 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 mapping (Albeanu
et al., 2018). Our qRT-PCR analysis revealed similar changes in
Nrxnl levels between OMPCre"~ and OMPCre"~/Smad41ox/flox,
These data suggest that at least part of the aberrant Nrxn1 expression
observed in the OMPCre conditional KOs stems from only
decreased OMP expression (Albeanu et al., 2018). We also
observed that OMPCre"~ mice had intermediate, but not
significantly different, Tenm2 expression levels between wild-
type and OMPCre"~/Smad41°¥1°x mice, suggesting that OMP acts
as a modifier to modulate Tenm2 levels. However, there was a
significant increase in Tenm2 expression levels in OMPCre"'~/
Smad4flo¥flox compared with Smad41o¥/flox controls.
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Fig. 8. Transcriptome analysis of Smad4 cKO. (A,B) Volcano plot highlighting the changes in gene expression in the two cKOs with their respective controls.
(C,D) Enriched pathways up- and downregulated in AP-2eSmad4 cKOs. (E-G) gPCR validation indicated upregulation of Nrxn1 and Unc13c, and

no changes in Robo2. Violin plot indicating mean of relative normalized expression of transcript/biological replicate. (H,I) Enriched pathway up- and
downregulated in OMPCre/Smad4cKO. (J-L) gPCR validation confirmed upregulation of Nrxn1, Unc13c and Tenm2. Violin plot indicating mean of relative
normalized expression of transcript/biological replicate. Statistical analysis was carried out using a two-tailed unpaired t-test.
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The glomerular phenotype of Smad4 mutants resembles the
phenotype described after the loss of specific adhesion molecules of
the Kirrel family (Brignall et al., 2018; Prince et al., 2013). Our data
did not indicate significant changes in mRNA levels for Kirrel
family members (deposited in GEO under accession number
GSE134492). Gross observation after immunostaining against
kirrel 2 and kirrel 3 on both AP-2e- and OMP-mediated Smad4
conditional KOs did not highlight obvious abnormalities in
differential Kirrel expression (Prince et al., 2013). These data
suggest that changes in BMP/TGFp signaling may alter normal
expression of genes involved in axonal organization and the
glomeruli formation of basal VSN subtypes.

DISCUSSION

BMPs 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,
1995; Lim et al., 2000; Schmidt et al., 1995; Tadokoro et al., 2016;
Timmer et al., 2002). Our study shows that canonical BMP
signaling is necessary for maturation of functional basal VSNs and
for their circuit formation with the AOB.

By analyzing the VNO transcriptome, we found and verified
that the VNE of mice expresses multiple molecules of the TGFf
family (Fig. 1). BMPs bind with various degrees of affinity to
collagens that sustain BMP signaling by binding and activating the
ligand molecules (Wang et al., 2008). Immunolabeling against
activated/phosphorylated Smad1,5,8 as a readout for active BMP
signaling revealed that BMP signal transduction is confined to
basal VSNs (Fig. 1G-I) with stronger Smadl,5,8 activation in
basal VSNs more proximal to the collagen IV-rich basal lamina
(Fig. 1J,K). Moreover, we found high levels of BMP signaling in the
marginal zones of the VNO, where VSNs form and begin to
mature (Fig. S1). Active BMP signaling in maturing and mature basal
VSNs prompted us to elucidate its roles during various contexts/
maturation stages.

Using AP-2eCre-mediated Smad4 ablation in maturing basal
VSNs, we observed no obvious morphological defects 2 weeks after
birth (Fig. 3). However, our 2 months after birth analysis revealed a
dramatic reduction in the number of basal VSNs. A slow and
progressive reduction of VSNs is a common phenotype in animals
with impaired chemosensory detection/signal transduction
(Chamero et al., 2011; Montani et al., 2013; Stowers et al., 2002).
Histological and functional analysis revealed that AP-2eCre*~/
Smad4fo¥flox displayed abnormal glomeruli formation in the pAOB
and compromised ability of basal VSNs to respond pheromonal
stimuli (Figs 4 and 5). In order to understand the mechanism
underlying the reduced response to stimuli, we analyzed our
transcriptome data and identified changes in the calcium-activated
chloride channel (CaCC) TMEM16A, which is a known player in
controlling the generation of receptor potential in response to
odorants (Fig. 4). Histological analysis of vomeronasal sections
from AP-2eCre/Smad4cKO VSNs revealed defects in microvilli
and dendritic knob formation, which are not compatible with normal
odor detection (Fig. 4P-U). These defects were found in both adult
and young animals (Fig. S3C and Fig. 4P-U), where no differences
in basal VSNs were found. This suggests that the observed
progressive cell reduction is likely secondary to functional loss
(Chamero et al., 2011). Notably, in OMPCreSmad41°¥1°% wwhere
Smad4 was ablated in both mature apical and basal VSN (Fig. 6),
we did not find defects in odor detection (Fig. 6R).

Our results indicating differential effects on neuronal functioning
after Smad4 ablation at distinct VSN maturation stages suggest that

Smad4 drives genetic programs underlying the functionality of
basal VSN within a critical developmental window. The idea that
temporally/context-specific roles for Smad4 signaling are involved
in triggering specific aspects of basal VSN maturation is further
supported by our finding of no changes in odor detection or
expression of knob-specific genes after OMPCre-mediated Smad4
ablation in VSNs at advanced maturation (Fig. 7J,K). Although
Smad complexes have weak affinity for DNA (Shi et al., 1998),
Smads interact with other site-specific transcription factors to
stabilize their DNA binding (Massagué, 2012). Smad-mediated
intracellular signaling can regulate transcription by remodeling
the chromatin landscape via recruitment of co-activators and/or
co-repressors (Ross et al., 2006). Moreover, Smad interaction
with other transcription factors integrates signals from the TGFB
family ligands with other signaling cues (Budi et al., 2019).
These features add spatial and temporal specificity to active
Smad4-mediated signaling with respect to surrounding cellular
signals and the maturation stage of VSNs. Future studies will
elucidate the role that BMP signaling plays in defining the
chromatin landscape of maturing VSNs and how much of our
observed phenotype is under direct Smad4-mediated regulation
of specific gene targets.

We identified two overlapping phenotypes between AP-2eCre
and OMPCre-Smad4cKOs: increased GAP43 expression and
the formation of larger disorganized glomeruli in the pAOB. These
phenotypes in OMPCre-Smad4cKOs suggest that Smad4 intracellular
signaling, irrespective of the VSN maturation stage and sensory
ability, plays a role in controlling gene expression that regulates
axonal identity and connectivity of basal VSN to the brain. Notably,
our conclusion does seem true only for basal neurons. Based on our
results, we posit that distinct molecular mechanisms control the
development and function of the apical and basal VSNs.

Pheromones present in whole-male urine activate both apical and
basal VSNs and therefore anterior and pAOBs. In order to understand
whether the VSN are still able to respond to pheromonal stimulus in
the mutants, we analyzed the neuronal activation in response
to whole-male urine in AP-2eCre"~/Smad4°¥1°x mutants and
found an unexpected reduction in the number of Fos-expressing
mitral cells in the aAOB (Fig. 5L). Although the reduction of Fos
activation in the pAOB likely reflects odor detection defects
secondary to Smad4 ablation in the basal VSNs (Fig. 4), we posit
the reduction in Fos activation in the aAOB reflects a postsynaptic/
mitral cell defect. This speculation is consistent with our previous
report that mitral cells of the aAOB, but not the pAOB, are positive for
the AP-2¢ lineage (Lin et al., 2018). The reduced number of Fos-
expressing mitral cells in the aAOB of AP-2eCre/Smad4 mutants
suggests Smad4 contributes to controlling maturation or functioning
of anterior mitral cells.

Even though the aberrant glomerular morphology we observed
in Smad4 mutants resembles that described in Kirrel 2,3
knockout mice (Prince et al., 2013; Brignall et al., 2018), our
transcriptome analyses of Smad4cKOS and relative Cre controls did
not reveal expression changes for Kirrel gene mRNA. Rather, we
found upregulation of several presynaptic genes, including Nrxn!/
and Uncl3c (see Table S3). Nrxnl is a transmembrane synaptic
adhesion molecule that regulates synaptic architecture and
function in the brain. The interaction between trans-synaptic
molecules, such as Nrxnl and Ncam1, is crucial for defining pre-
and postsynaptic target recognition alignment during
synaptogenesis and synaptic transmission (Gerrow and
El-Husseini, 2006; Scheiffele, 2003; Yamagata et al., 2003).
Future studies can elucidate whether changes in Nrxnl expression

12

DEVELOPMENT


https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE134492
http://dev.biologists.org/lookup/doi/10.1242/dev.184036.supplemental
http://dev.biologists.org/lookup/doi/10.1242/dev.184036.supplemental

RESEARCH ARTICLE

Development (2020) 147, dev184036. doi:10.1242/dev.184036

(Ko et al., 2009; Siidhof, 2017) can define synaptic identity, and
pre- and postsynaptic compatibility in the glomerulus.

The spatial position of stem cells in the olfactory epithelium
determines the identity of olfactory neurons (Coleman et al.,
2019). Our data suggest that basal VSNs receive different levels of
BMP signaling based on their distance from the basal lamina
(Fig. 1). Based on our results, we speculate that the relative
position of VSNs with respect to morphogenic signals in the VNE
play a determining factor in tuning the expression levels of
specific genes, such as glycoproteins, adhesion molecules and
presynaptic components, that define axonal identity, targeting
specificity and synaptic compatibility. Moreover cell bodies of
VSNs expressing different V2Rs have been reported to reside in
different sublayers of the basal territory of the VNO (Ishii and
Mombaerts, 2008). Whether specific relationships exist between
VR expression, the type and level of adhesion molecules
expressed, cell body position and Smad4 signaling is worth
further investigation. For both Smad4cKO models, we found gene
expression changes in various synaptic and surface molecules,
including Nrxnl. In addition, OMPCre/Smad4cKOs showed
significant upregulation of the glycoprotein Tenm2, a molecule
crucial for defining synaptic matching and glomeruli formation in
Drosophila olfactory neurons (Hong et al., 2012). Additional
studies using more-sensitive methods such as single cell RNAseq
can delineate how altering morphogenic signal gradients
specifically modulates axonal identity and targeting of specific
neuronal types.

Retrograde BMP signaling in neurons can control synaptic
growth at neuromuscular junctions, and define 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). The
experimental approach used here does not permit the dissociation of
aberrant local vomeronasal BMP signaling and putative retrograde
BMP signaling from the AOB. However, we feel these alternative
findings are unlikely, as we found similar patterns in p-Smad1/5/8 in
VNE of Arx-1 null mice, which is a mouse line that lacks olfactory
bulbs and has little or no connections between the VNO and the
brain (Taroc et al., 2017).

Overall, this study reveals that compromising Smad4-mediated
signaling in maturing basal VSNs is not compatible with the
formation of functional basal VSNs, normal glomeruli formation
and survival. Smad4 loss of function in mature VSNs does not affect
odor detection in the VNE or VSN survival but still disrupts normal
glomeruli formation.

TGFB and BMP inhibitors might be a novel class of candidate
pharmacological targets for treatment of several human pathologies,
including fibrosis and cancers (Huynh et al., 2019; Ramzy et al.,
2018; Soji etal., 2018). However, our data on VSNs suggest caution
until we have a detailed analysis of the broad effects of TGF-B/Smad
inhibitors on homeostasis and connectivity of all nervous system
neurons at different maturation stages.

MATERIALS AND METHODS

Animals

AP-2eCre line [TfAP-2e™!1cWill] wag donated by Dr Trevor Williams
(University of Colorado, USA). The OMPCre line was donated by
Dr Paul Feinstein (Hunter College, City University of New York,
USA). Smad4o¥fox (Smad4m? 14y stock 017462) and R26RYFP
[B6.129X1-Gt(ROSA)26Sor™ ! FYF)ICos/ - stock 00614] were purchased
from Jackson Laboratories. Experimental analyses were carried out in

offspring homozygous for floxed Smad4 and AP-2eCre”~ (AP-2eCre*~/
Smad4floxflex or AP-2eCre”~/Smad4cKO) or Smad4fo¥flox and OMPCre"'~
(OMPCre"~/Smad41o¥1ox  or  OMPCre*'~/Smad4cKO), referred to as
conditional Smad4 mutants. The controls used were Smad41°¥f9X ynless
otherwise indicated. These mice appeared healthy and survived to
adulthood. Mice of either sex were used for in situ hybridization and
immunohistochemistry experiments. All experiments involving mice were
approved by the University at Albany Institutional Animal Care and Use
Committee (IACUC).

Tissue preparation

Tissue was collected after transcardial perfusion with PBS then
3.7% formaldehyde in PBS. Mouse brains were then immersion fixed in
1% formaldehyde at 4°C overnight. Noses were immersion fixed in 3.7%
formaldehyde in PBS at 4°C overnight and decalcified in 500 mM EDTA
for 3-7 days. After fixation and decalcification, samples were cryoprotected
in 30% sucrose overnight at 4°C, then embedded in OCT (Tissue-TeK) and
stored at —80°C. Samples were cryosectioned using CM3050S Leica
cryostat at 16 um (nose) and 20 um (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 were *Gt a-AP-2¢ (2 pg/ml, sc-131393
X, Santa Cruz), *Rb o-cleaved caspase-3 (1:1000, AB3623, Millipore), *Ms o~
Goi2 (1:200, 05-1403, Millipore), Rb a-Goo (1:1000, 551, Millipore), Rb o-
GAP43 (1:500, 16053, Abcam), *Rb a-Ki67 (1:1000, AB9260, Millipore),
*Gt o-Kirrel2 (1:500, AF52930, R&D Systems), *Ms o-Kirrel3 (1:100, 75-
333, NeuroMab), Gt a-NPN2 (1:4000, AF567, R&D Systems), Gt a-OMP
(1:4000, 5441001, WAKO), *Ms a-Robo2 (1:100, 376177, Santa Cruz), Rb o-
V2R2 (1:4000, a gift from Dr Roberto Tirindelli, Universita di Parma, Italy),
*Rb o-pSmad 2 (1:800, AB 3849, Millipore), *Rb o-pSmadl1,5,8 (1:50,
AB3848-I, Millipore), Rb o-Smad4 (1:200, AB40759, Abcam), Chk o-
VGlut2(1:500, 135416, Synaptic Systems), ¥*Rbo-pS6 (ser 240/244) (1:500,
D68F8, Cell Signaling Technology), *Rbo-Fos (1:250, Cell Signaling
Technology), *Rba-Villin (1:2000, Abcam, ab130751) and Rbo-Tmem16a
(1:50, Abcam, ab53212). 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 overnight.

For immunoperoxidase staining procedures, slides were processed using
standard protocols (Forni et al., 2013) and staining was visualized (Vectastain
ABC Kit) using diaminobenzidine (DAB) in a glucose solution containing
glucose oxidase to generate hydrogen peroxide. After immunostaining,
sections were counterstained with Methyl Green. 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/Image] software.

In situ hybridization

Digoxigenin-labeled cRNA probes against Smad4 Exon 8, BMP4 and BMP6
were prepared by in vitro transcription (DIG RNA labeling kit; Roche
Diagnostics). Plasmids to generate cRNA probes for Smad4 and for BMP4
and BMP6 were gifts from Prof. Dr Rolf Zeller (University of Basel,
Switzerland) and Dr Kapil Bharti (Ocular and Stem Cell Translational
Research Unit, National Eye Institute, Bethesda, MD, USA), respectively. /n
situ hybridization was performed as described previously (Forni et al., 2013)
and visualized by immunostaining with an alkaline phosphatase-conjugated
anti-DIG (1:1000) and NBT/BCIP developer solution (Roche Diagnostics).

Whole-male urine exposure

Two-month-old male Smad41°¥f°x control and conditional KO mice were
single caged 2-3 days before the experiment. Male urine was collected and
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pooled from mice of mixed backgrounds. Male control and experimental
mice were exposed to whole-male urine, then perfused and collected 90 min
after exposure. The brains were sectioned parasagittally and the noses were
sectioned coronally, then immunostained for Fos and pS6, respectively. BS-
Lectin I conjugated to Rhodamine (Vector) was used in order to distinguish
between anterior and pAOB (Prince et al., 2013).

Quantification and statistical analyses of microscopy data

Data were collected from mice kept in the same housing conditions.
Measurements of areas, thickness and cell counts were performed on digital
pictures using FIJI/Imagel. 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 made by overlapping a
mask to equally divide the VNO into seven 36° angled zones (de la Rosa-
Prieto et al., 2010).

For all AOB quantifications, the most medial three 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 aAOB and Robo2-positive pAOB. Using the Fiji imaging
tool, we generated maximum intensity projection images 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 pAOB
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 were calculated and then compared
between genotypes.

In P15 and older animals, the most medial six to eight VNE sections
were quantified for each series and averaged. Data from each genotype
were grouped and used for statistical analysis. Statistical analysis was
performed using GraphPad, Prism 7.0b. A two-tailed unpaired #-test was
used for statistical analyses and P<0.05 was considered statistically
significant. Sample sizes and P-values are indicated in figure legends or in
each graph.

Analysis of the dendritic knobs using Imaris

Confocal images from OMP, GFP and villin triple immunostaining on
genetically lineage traced AP-2eCreRYFP control and AP-2eCre
Smad4"1o¥Flox RYFP were analyzed using Imaris software (version 9.5,
Bitplane). To quantify Tmeml6a expression levels in basal knobs, we
selected the YFP channel as the input for spots object creation. Objects
were generated using background subtraction with thresholding
automatically calculated in Imaris. We then isolated only spot objects
corresponding to basal knobs and recorded the mean intensity of
Tmem1l6a immunofluorescence of all the voxels contained in each spot.
These values were used to calculate the average TMEM16a intensity of
basal dendritic knobs, three or four sections/VNO were quantified. To
quantify OMP, villin and YFP knobs, we selected the channel
corresponding to villin to extract the apical region of the epithelium
where the knobs reside. Then, to identify the knobs, we set a colocalization
threshold between OMP and villin (the mean intensity of OMP and villin
within the region of interest). We then built a new colocalization channel to
generate the objects corresponding to the knobs. Spot objects were filtered
to discriminate between YFP-positive and YFP-negative knobs using an
intensity of at least half the maximum mean intensity of all the knobs. We
used the average of the cutoff values of the controls as a parameter to
identify comparable knobs in conditional KOs (see Movies 1 and 2). This
method of quantification provided the total number of knobs (OMP+;
Villin+) and the number of YFP-positive knobs according to our cutoff.
Based on these results, we calculated the percentage of ‘normal’ basal
knobs in control and cKO.

RT-PCR

cDNA was synthesized from 1000 ng of RNA extracted from whole VNO of
P21 Smad41o¥/f1ox animals (n=3) using the Super ScriptIII First Strand kit
(Invitrogen, 18080400). RT-PCR for BMP2, BMP3, BMP4, BMP6, BMP7,
TGFB1, TGFBR2 and GDF10 was carried out using cDNA generated from
RNA isolated from dissected VNO of Smad410¥1ox mice using the primers
indicated in Table S1.

qPCR

cDNA was synthesized from 500 ng of RNA extracted from whole VNO of
control animals (P21) (Smad41o¥flox and AP-2eCre+/— or Smad4flox/flox
and OMPCre+/—) and cKOs (P21) (AP-2eCret/—;Smad4flo¥/flox o
OMPCre+/—;Smad41oflox) ysing the Invitrogen Super Script IIT First
Strand kit. The expression of Nrxnl, Uncl3c, Tenm2 and Robo2 was
validated by qRT PCR using primers listed in Table S2. 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 (12183018A)
from dissected VNO of control (Smad4o¥flex  AP-2eCre”~ and
OMPCre"~) and Smad4cKOs (AP-2eCre”~/Smad4lo¥flox  and
OMPCre"~/Smad4fo¥Flox) RNA with a RIN number higher than 8 on an
Agilent Bioanalyzer was used for further experiments. Libraries for mRNA-
seq were prepared using NEXTflex Rapid directional mRNA-seq Bundle
(5138-10). To prepare libraries, PolyA* RNA was isolated from 1 pg of total
RNA using two rounds of selection with poly dT magnetic beads (BioO
Scientific) and used as the template for first 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 ug of
starting total RNA (BioO Scientific NextFlex). Resulting libraries were
quantified using the NEBNext Library Quant Kit for [llumina (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 determined
using DESeq2 (v 1.22.2) (Love et al., 2014). Gene Ontology was performed
using the MetaScape package (Zhou etal., 2019). The transcriptome data are
available in GEO under accession number GSE134492.
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