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SUMMARY

The development of the apical dendrite from the leading process of the bipolar pyramidal 

neuron might be directed by spatially organized extrinsic cues acting on localized intrinsic 

determinants. The extracellular cues regulating apical dendrite polarization remain elusive. We 

show that leading process and apical dendrite development are directed by class III Semaphorins 

and mediated by a localized cGMP-synthesizing complex. The scaffolding protein Scribble that 

associates with the cGMP-synthesizing enzyme soluble guanylate cyclase (sGC) also associates 

with the Semaphorin3A (Sema3A) co-receptor PlexinA3. Deletion or knockdown of PlexinA3 

and Sema3A or disruption of PlexinA3-Scribble association prevents Sema3A-mediated cGMP 

increase and causes defects in apical dendrite development. These manipulations also impair 

bipolar polarity and leading process establishment. Local cGMP elevation or sGC expression 

rescues the effects of PlexinA3 knockdown or PlexinA3-Scribble complex disruption. During 

neuronal polarization, leading process and apical dendrite development are directed by a scaffold 

that links Semaphorin cue to cGMP increase.
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Graphical Abstract

In brief

Szczurkowska et al. show that spatially directed Sema3A may promote development of the leading 

process and the apical dendrite via the co-receptor PlexinA3 by orchestrating localized cGMP 

increase on the scaffold protein, Scribble, at the leading edge of developing pyramidal neurons.

INTRODUCTION

Upon completion of mitosis, neocortical and CA1 pyramidal neuron progenitors lose apico-

basal polarity of their neuroepithelial ancestors and assume an unpolarized multipolar 

(multineurite) morphology. The event that marks apical dendrite/axon polarity occurs upon 

acquisition of a bipolar morphology, with two neurites having a leading and trailing 

orientation. The apical dendrite develops from the leading process whereas the trailing 

process becomes the axon. The events leading to polarity establishment remain inconclusive. 

It is unclear whether axon formation is essential for and absolutely precedes polarity 

establishment at the multipolar stage. Furthermore, it remains largely unknown whether 

specific mechanisms are necessary for apical dendrite development.

Our own as well as other findings suggest that directed events determine apical 

dendrite development during polarization. Axon formation in multipolar neurons precedes 

polarization in ~60% of pyramidal neurons (Namba et al., 2014). However, in ~30% of 
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the other neurons, leading process and polarity establishment precede trailing process 

formation (Gartner et al., 2012; Namba et al., 2014). More importantly, knockdown of 

critical determinants that result in abolishment of axon formation does not prevent leading 

process polarity or subsequent apical dendrite development (Barnes et al., 2007; Kishi 

et al., 2005; Shelly et al., 2007; Yi et al., 2010). Precisely organized extracellular cues 

acting on localized intrinsic mechanisms may thus direct leading process and apical dendrite 

polarization independently of axon formation. Nevertheless, the underlying mechanisms and 

the extracellular cues directing apical dendrite development remain largely unknown.

Semaphorin3A (Sema3A) signal is mediated via a complex of the Neuropilin-1 (NP-1) 

receptor that binds Sema3A and Plexin co-receptors that transmit the intracellular signaling 

(Cheng et al., 2001; Takahashi et al., 1999; Tran et al., 2009; Yaron et al., 2005). In 

the developing cortex, Sema3A is expressed in a descending gradient with the highest 

concentration at the pia (Polleux et al., 2000), and orients axon and apical dendrite guidance. 

Sema3A is also robustly expressed in the developing hippocampus where it regulates the 

pathfinding of major axonal projections (Bagri et al., 2003; Chedotal et al., 1998; Giger 

et al., 2000; Mata et al., 2018; Nakamura et al., 2009; Rohm et al., 2000). Among Plexin 

co-receptors, PlexinA3 is prominently expressed in the hippocampus throughout embryonic 

and early postnatal development, including the CA1 (Cheng et al., 2001; Murakami et al., 

2001; Tran et al., 2009). Among other Plexin co-receptors, PlexinA4 and PlexinD1 are also 

expressed in the developing hippocampus (Cheng et al., 2001; Mata et al., 2018; Murakami 

et al., 2001; Tran et al., 2009). PlexinA3 can partner with either NP-2 or NP-1 (Yaron et 

al., 2005) and is a critical regulator of class III Semaphorin effects on axon pathfinding 

and pruning (Bagri et al., 2003; Cheng et al., 2001; Polleux et al., 1998, 2000; Yaron et 

al., 2005). In the CA1, PlexinA3 preferentially associates with NP-1 to mediate pruning 

of pyramidal axons downstream of Sema3A (Bagri et al., 2003). Previous studies that 

examined Sema3A or PlexinA3 deletion did not report effects on axon/dendrite formation or 

their early morphogenesis (Tran et al., 2009). These studies found defects in late events of 

dendrite maturation and spine morphogenesis. However, we showed that acute knockdown 

of NP-1, the direct receptor of Sema3A, impaired bipolar polarity of cortical progenitors 

upstream of the cyclic guanosine monophosphate (cGMP)-synthesizing enzyme soluble 

guanylate cyclase (sGC) and cGMP activities (Shelly et al., 2011). The seeming discrepancy 

between these studies remains unexplained.

Sema3A regulates several aspects of neuronal development in the embryonic cortex and 

hippocampus. Despite extensive work in the field, it is unknown whether Sema3A regulates 

early apical dendrite morphogenesis (Danelon et al., 2020; Tran et al., 2009). Moreover, 

little is known about Sema3A’s downstream actions or how its signal is transduced to 

sGC. We showed that the scaffolding protein Scribble recruited sGC and that the complex 

was localized to developing apical dendrites (Szczurkowska et al., 2020). Scribble was 

required for preferential cGMP generation in dendrites, and its association with sGC was 

necessary for CA1 apical dendrite development. In this study, we find that the Sema3A 

co-receptor PlexinA3 also associates with Scribble. We show that the associations within the 

complex are necessary for Sema3A-mediated cGMP increase in dendrites and CA1 apical 

dendrite development. We further show that Sema3A, Scribble, and the PlexinA3-Scribble 

association are necessary for leading process and bipolar polarity establishment in CA1 
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pyramidal progenitors. Together, our findings demonstrate that apical dendrite development 

is promoted by the extrinsic Sema3A/PlexinA3 cue and mediated by a localized cGMP-

synthesizing complex.

RESULTS

Sema3A/PlexinA3 cue is linked to cGMP increase via the Scribble complex

To study whether Sema3A mediates apical dendrite development via cGMP, we asked 

whether Sema3A is linked to and regulates cGMP increase via the sGC-Scribble 

complex, which mediates cGMP increase in dendrites (Szczurkowska et al., 2020). Co-

immunoprecipitation (co-IP) from embryonic day 18 (E18) rat brain lysates showed that 

Scribble associated with PlexinA3 (Figures 1A and S1A), a major co-receptor in class III 

Semaphorin signaling in the hippocampus (Bagri et al., 2003; Cheng et al., 2001; Tran et 

al., 2009; Yaron et al., 2005). We did not observe Scribble association with other Plexin 

co-receptors, including PlexinA4 or PlexinD1 (Figures 1A and S1A). PlexinA3-Scribble 

association was confirmed by co-IP of PlexinA3 cytoplasmic domain (FLAG-PlexinA3-CD) 

and HA-Scribble in HEK-293 cells (Figure 1C) and was mediated via the Scribble LRR 

domain (Figures 1B and 1C) (Scribble contains N-terminal leucine-rich repeats [LRR] 

and four PDZ domains separated by an intermediate region [IMR]; Figure 1B). PlexinA4 

or PlexinD1 did not interact with the LRR domain of Scribble (Figures S1B and S1C). 

Together with our previous findings (Szczurkowska et al., 2020), we show that Scribble 

associated with PlexinA3 and sGC via discrete LRR and IMR domains, respectively (Figure 

1E).

By associating with both PlexinA3 and sGC, Scribble might link the Sema3A signal to 

cGMP. In support, we found that FLAG-PlexinA3-CD and GFP-sGC-β1, the main sGC 

subunit in the brain (Koesling et al., 1991; Mergia et al., 2003; Russwurm et al., 1998), 

interact following their co-expression with Scribble (Figure 1D). Overexpressing dTom-LRR 

decreased FLAG-PlexinA3-CD and GFP-sGC-β1 interaction in a dose-dependent manner 

(Figure 1D), showing that LRR competitively interrupted their association. Our data show 

that LRR is the necessary interface in PlexinA3-Scribble-sGC-β1 complex formation. In our 

subsequent experiments we used overexpression of the LRR domain to competitively disrupt 

endogenous PlexinA3-Scribble association.

We inquired whether PlexinA3-Scribble association was necessary for Sema3A-mediated 

cGMP increase in dendrites. We quantified Sema3A-mediated cGMP elevation in the soma 

and dendrites of cultured hippocampal neurons using a cGMP fluorescence resonance 

energy transfer (FRET) sensor, cGi-500 (FRET signal from cGi-500 decreases as cGMP 

increases [Russwurm et al., 2007]; Figure S2A). Following Sema3A treatment, normalized 

somatic FRET signal (YFP-FRET/YFP-total) was scattered below that of control (Figure 

S2B, black circles) and the difference in somatic FRET showed a decrease, reflecting a 

cGMP increase (Figures 1F-1H and S2B). Quantification of normalized FRET in each 

dendrite showed that Sema3A promoted a FRET decrease, reflecting cGMP increase, 

in dendrites (Figures 1I-1L). To test whether Sema3A mediates cGMP elevation via 

PlexinA3-Scribble association, we disrupted their interaction by knocking down Scribble 

or PlexinA3, or overexpressing LRR. We found an increase in somatic FRET, reflecting a 
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cGMP decrease, in Sema3A-treated cells transfected with Scribble-short hairpin (sh)RNA 

(shScrib#4 [Szczurkowska et al., 2020]) (Figures 1F, 1G, and S2B) or LRR (Figures 1F, 1H, 

and S2B). Furthermore, knocking down PlexinA3 (Figures 1I and 1J) or overexpressing 

LRR (Figures 1K and 1L) prevented cGMP increase in dendrites following Sema3A 

treatment (Figure S3, shRNA knockdown efficiency). Our FRET measurements showed that 

Sema3A/PlexinA3 signaling mediates cGMP elevation in soma and dendrites via Scribble 

association, likely by engaging sGC. We examined the ability of Sema3A to promote 

Scribble-PlexinA3 association by co-IP in HEK-293 cells co-expressing wild-type (WT)-

PlexinA3 and NP-1 together with WT-HA-Scribble, following Sema3A treatment. Sema3A 

promoted Scribble-PlexinA3 interaction in a concentration-dependent manner (Figure S2C). 

Together, our data show that the PlexinA3-Scribble complex was necessary for increased 

cGMP generation in dendrites, suggesting that localized increase in Sema3A can promote 

localized cGMP increase in dendrites via the Scribble complex.

We determined the role of PlexinA3-Scribble association in Sema3A-mediated dendrite 

development in cultured hippocampal neurons plated on substrate patterned with stripes of 

Sema3A. We tested the effects of disrupting PlexinA3-Scribble association by knocking 

down PlexinA3, NP-1, or Scribble, or overexpressing LRR. Dendrite formation was 

quantified at 5 days in vitro (DIV) in polarized neurons with their soma located on 

the stripe boundary according to their initiation “on” or “off” stripe regions. Dendrite 

formation occurred more “on” Sema3A stripe relative to “off stripe” in control neurons 

(Figures 1M and 1N). In contrast, transfection of PlexinA3- or NP-1-shRNAs, Scribble-

shRNA (shScrib#4), or LRR, or combining PlexinA3 knockdown with LRR overexpression, 

increased dendrite formation “off stripe” (Figures 1M and 1N). To test whether the critical 

role of PlexinA3-Scribble association in dendrite development is attributed to Sema3A-

mediated cGMP increase, we attempted to rescue the effects of PlexinA3 knockdown or 

LRR overexpression by local presentation of a cGMP analog. Neurons transfected with 

shPlexinA3 or LRR were plated on stripes of Sema3A together with a membrane-permeable 

cGMP analog (F-cGMP). The localized increase in cGMP restored the preference for 

dendrite formation “on” Sema3A stripe in neurons following PlexinA3 knockdown or 

LRR overexpression or their combined manipulation (Figures 1M and 1N). These findings 

showed that PlexinA3-Scribble association was necessary for Sema3A-mediated dendrite 

formation and that this effect was mediated via cGMP increase.

Sema3A/PlexinA3 association with the Scribble-cGMP complex is necessary for apical 
dendrite development

To inquire whether Sema3A is necessary for apical dendrite development, we determined the 

expression of Sema3A and NP-1 in the hippocampus using alkaline phosphatase (AP)-NP-1 

or AP-Sema3A ectodomain fusion protein binding, respectively, to hippocampal sections at 

postnatal day 0 (P0) and P7. Sema3A was found mainly in the CA1 pyramidal cell layer 

(Figure S4; NP-1(ecto)-AP). NP-1 had a complementary expression in the stratum radiatum 

(SR) and stratum oriens (SO) (Figure S4; Sema3A-AP), consistent with expression in apical 

and basal dendrites. Notably, Sema3A also appeared to be expressed at the bottom stratum 

lacunosum-moleculare (SLM) (Figure S4, P7, arrowhead), where apical dendrites of CA1 

pyramidal neurons terminate.
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We determined whether Sema3A and PlexinA3, and their association with the Scribble 

complex, are necessary for apical dendrite development in the embryonic CA1. We 

examined apical dendrite development in PlexinA3 (Tran et al., 2009) and Sema3A 

(Taniguchi et al., 1997) null mice. Neurons following PlexinA3 (Figures 2A-2C) or Sema3A 

(Figures 2D-2F) deletion from homozygous (plexinA3−/−, sema3A−/−) embryos showed a 

reduction in apical dendrite length and branching at P7 compared with WT littermates, 

whereas heterozygotes (plexinA3+/−, sema3A+/−) had an intermediate phenotype. These 

findings are consistent with the effects of Scribble deletion in apical dendrite development 

(Szczurkowska et al., 2020) and suggest that Sema3A mediates CA1 apical dendrite 

development via PlexinA3 and its association with Scribble.

To test whether the interaction of PlexinA3 with the Scribble-cGMP complex is necessary 

for apical dendrite development, we disrupted the complex by overexpressing LRR. 

Expressing LRR impaired CA1 apical dendrite length and branching (Figures 3A-3C). 

Knockdown of PlexinA3 caused defects in apical dendrite branching without affecting 

growth (Figures 3A-3C), likely resulting from incomplete downregulation with the shRNA 

(Figure S3). Combining PlexinA3 knockdown with LRR overexpression decreased dendrite 

length compared with PlexinA3 knockdown (Figures 3D-3F). Knockdown of NP-1 caused 

severe defects in apical dendrite length and branching (Figures 3A-3C). Importantly, 

knockdown of PlexinA4 or PlexinD1 did not impair apical dendrite development (Figures 

3A-3C), consistent with their lack of association with Scribble (Figures 1A and S1). Co-

expressing WT-PlexinA3 with PlexinA3-shRNA rescued apical dendrite branching defects 

following PlexinA3 knockdown, whereas co-expressing ΔCT-PlexinA3, a PlexinA3 mutant 

with the entire cytoplasmic tail deleted, did not rescue these defects (Figures 3D-3F). 

Furthermore, supporting the idea that LRR competitively disrupts PlexinA3-Scribble 

interaction, co-expressing WT-PlexinA3 fully rescued apical dendrite defects following LRR 

overexpression (Figures 3D-3F).

To determine the specificity of PlexinA3-Scribble association, we mapped the Scribble 

binding site in the cytoplasmic region of PlexinA3. The cytoplasmic tail of PlexinA 

receptors contains C1 and C2 domains with similarity to guanosine triphosphatase 

(GTPase)-activating proteins, which are separated by a Hinge/Rho GTPase binding domain 

(H/RBD) (Hota and Buck, 2012). Using Myc-tagged WT or mutant PlexinA3 constructs in 

which the different cytoplasmic domains were internally deleted (ΔC1; ΔH/RBD; ΔC2) or 

expressed singly (C1; H/RBD; C2) (Figure S5A), we found that PlexinA3-LRR association 

was mediated mainly via the PlexinA3 C1 domain (Figure S5B) and was further promoted in 

the presence of both C1 and H/RBD domains (Figure S5B; ΔC2-PlexinA3). Co-expressing 

LRR with - ΔC2-PlexinA3 in which both the C1 and H/RBD domains were present 

rescued apical dendrite length and branching (Figures 3D-3F) like the co-expression of 

WT-PlexinA3. These rescue experiments showed that C1 and H/RBD domains mediated the 

association of PlexinA3 with the Scribble-sGC complex and their subsequent.

effects on apical dendrite development. Our findings on defective apical dendrite 

development following PlexinA3 or Sema3A deletion (Figure 2) or disruption of their 

association with Scribble (Figure 3) are consistent with those with Scribble or sGC 

manipulations (Szczurkowska et al., 2020), suggesting that Sema3A mediates CA1 apical 
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dendrite development via PlexinA3-Scribble-sGC associations and the subsequent increase 

in cGMP. We found that increased cGMP production by overexpression of functional 

sGC (by co-expressing sGC-α1 and -β1 subunits) rescued apical dendrite development 

defects following PlexinA3 knockdown or LRR expression (Figures 3D-3F). Our findings 

support the idea that the critical role of PlexinA3-Scribble association in apical dendrite 

development is to elevate cGMP downstream of Sema3A.

Sema3A and PlexinA3-Scribble association are necessary for bipolar polarity and leading 
process development

The critical role of Sema3A/PlexinA3 in early apical dendrite development (Figures 2 and 

3) prompted us to ask whether Sema3A and Scribble activities regulate bipolar polarity 

and leading process development. We knocked down Scribble (shScrib#4) or overexpressed 

LRR in rat CA1 progenitors by in utero electroporation at E17.5. We examined neurons 

at E21 (Figure 4A) and P1 (Figure 4F) as, according to our fluorescent birth-dating 

experiments, at this time neurons settle at the stratum pyramidale (SP). At E21, control, 

shScrib#4-expressing, or LRR-expressing neurons were similarly located at the SO or the 

SP (Figure 4A). We found no perturbation in neuron positioning from the subventricular 

zone (SVZ) to the SO. We analyzed neurons at the SO or the SP separately. At the SO, 

control neurons exhibited a polarized, bipolar morphology and had established a leading 

process (Figures 4A and 4B). In contrast, a large fraction of shScrib#4- or LRR-expressing 

neurons were unpolarized (Figures 4A and 4B) and lacked a leading neurite. The shScrib#4- 

or LRR-expressing neurons also had more primary neurites than the control (Figure 4C). 

At the SP, control or shScrib#4- or LRR-expressing neurons were polarized and had a 

leading process (Figures 4A and 4D). Quantification of primary neurite number showed no 

difference among control and Scribble knockdown and an increase upon LRR expression 

(Figure 4E). Neurites in LRR-expressing cells were shorter and simpler than in the control 

(Figure 4A; SP) (Figures S6A and S6B, DAPI-layer determination for images in Figures 4A 

and 4F, respectively). Our data show that unlike the control, most neurons upon Scribble 

knockdown or LRR overexpression at the SO are unpolarized at E21, whereas only polarized 

neurons are found at the SP. These data indicate a crucial role for Scribble-PlexinA3 

association in the assumption of bipolar morphology at the SO before neurons settle at 

the SP.

To determine leading process development, we examined neurons at P1. At this stage, all 

control neurons were at the SP, whereas shScrib#4- or LRR-expressing neurons were at 

the SO and SP (Figure 4F). All neurons at the SP were polarized (Figures 4F and 4G) 

and had a leading process. Conversely, at the SO, a large fraction of shScrib#4-expressing 

neurons were unpolarized and lacked a leading neurite, whereas LRR-expressing neurons 

were mostly polarized, having a short and simple leading neurite (Figures 4F and 4G). 

Despite their unpolarized morphology, we found no difference in the number of primary 

neurites among shScrib#4 or LRR and control neurons at the SO or SP (Figure 4H), 

showing that considerable neurite remodeling occurred by P1 compared with E21. As we 

did not find perturbation prior to the SO and as only polarized neurons were at the SP, our 

findings suggest that lack of polarity preceded and caused the positioning defect at the SO 

at P1 following Scribble knockdown or LRR expression (Figure 4F). Polarized shScrib#4 
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expressing neurons at the SP had a shorter leading neurite than the control (Figure 4I). 

Polarized shScrib#4- or LRR-expressing neurons at the SO had a leading process with a 

similar length that was shorter than that of control neurons at the SP (Figures 4F and 4I). 

Nevertheless, LRR neurons at the SP had a leading neurite with a similar length to the 

control (Figure 4I). These data are largely consistent with defective development of the 

apical dendrite upon Sema3A, PlexinA3, or Scribble manipulations at P7 (Figures 2 and 

3; Szczurkowska et al., 2020). Our data underlie the critical role of the PlexinA3-Scribble 

scaffold in bipolar polarity establishment at the SO and the subsequent development of the 

leading process and the apical dendrite likely occurring at both the SO and SP.

To test whether Sema3A is necessary for bipolar polarity establishment, we examined 

neurons in Sema3A null mice. CA1 pyramidal progenitors were labeled with dTomato at 

E15.5 (Figure 4J). Cells were analyzed at E18, a time before neurons settle at the SP as 

determined by fluorescent birth-dating. As predicted, at E18 WT, sema3A+/−, or sema3A−/− 

neurons were at the SO (Figure 4J). We found no perturbation in neuron positioning from 

SVZ to the SO. Most WT neurons had a polarized bipolar morphology and formed a leading 

process (Figure 4K). In contrast, many sema3A+/− or sema3A−/− neurons were unpolarized 

(Figure 4K) and had no leading neurite. Furthermore, sema3A+/− orsema3A−/− neurons had 

more primary neurites than WT (Figure 4L) (Figure S6C, DAPI-layer determination for 

images in Figure 4J). Together, our data underscore the critical role of Sema3A/PlexinA3 

in bipolar polarity and leading process establishment and suggest that Sema3A acts via the 

Scribble-cGMP complex.

DISCUSSION

Studies from cultured neurons (Arimura and Kaibuchi, 2007; Barnes et al., 2007; Cheng 

et al., 2011a, 2011b; Da Silva et al., 2005; de Anda et al., 2005; Dotti and Banker, 1987; 

Dotti et al., 1988; Inagaki et al., 2001; Jacobson et al., 2006; Jiang et al., 2005; Kishi et 

al., 2005; Shelly et al., 2007, 2010; Shi et al., 2003; Toriyama et al., 2006; Yoshimura 

et al., 2005) that are supported by in vivo findings (Namba et al., 2014) proposed that 

axon specification precedes neuronal polarization and is necessary for dendrite development. 

However, spatially organized extrinsic cues may promote leading process polarity and apical 

dendrite development by orchestrating localized intrinsic signaling at the leading edge. 

Recent evidence support this notion and show that in many cortical pyramidal progenitors, 

leading process formation preceded trailing process development (Namba et al., 2014). 

Furthermore, this view is supported by findings showing that prevention of axon formation 

did not interfere with leading process polarity or apical dendrite development (Barnes et al., 

2007; Kishi et al., 2005; Shelly et al., 2007; Yi et al., 2010), suggesting that these events can 

occur independently.

The extrinsic cues and mechanisms that promote leading process polarization and 

subsequent apical dendrite development have remained elusive. Deletion of key secreted 

factors and their receptors reportedly yielded only subtle defects on axon/ dendrite 

development in vivo (Crowley et al., 1994; Da Silva et al., 2005; Jones et al., 1994; Klein et 

al., 1993; Shelly et al., 2007; Smeyne et al., 1994; Sosa et al., 2006; Yoshimura et al., 2005). 

These include previous studies on Sema3A and PlexinA3. Global examination of mice with 
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Sema3A gene deletion did not suggest effects on axon and dendrite formation (Behar et al., 

1996; Polleux et al., 1998) or a major role for Sema3A in neuronal polarization in vivo. 

Studies specifically aimed at characterizing dendrite morphogenesis upon manipulations 

of class III Semaphorin signaling, including deletion of Sema3A, NP-1, or PlexinA3, 

showed defects in spine morphogenesis and dendrite maturation and arborization (Danelon 

et al., 2020; Tran et al., 2009). These studies found no other apparent defects in dendrite 

development, and no effects were observed in CA1 pyramidal neurons. It must be noted, 

however, that dendritic phenotypes in these genetic models were determined in adult neurons 

at P21, P45, or later, times that are not optimal for detecting effects on embryonic and 

early postnatal neuronal polarization. It is therefore perhaps not surprising that these studies 

did not reveal defects in bipolar polarity establishment and leading process polarization or 

apical dendrite development and its initial growth and branching. We found that the Sema3A 

cue linked to the assembly of a cGMP production machinery via the Scribble scaffold is 

required for early apical dendrite development. Our examinations in Sema3A and PlexinA3 

null mice and following acute manipulations of PlexinA3 and disruption of its association 

with Scribble during embryonic and early postnatal development (up to P7) showed severe 

defects in CA1 apical dendrite development. This is consistent with our findings with 

Scribble or sGC manipulations or disruption of their association (Szczurkowska et al., 

2020). Examination of axon/dendrite development with precise spatiotemporal resolution at 

embryonic and early postnatal stages in specific mouse models is required to further identify 

the extracellular cues that mediate neuronal polarization in vivo.

The PlexinA isoforms PlexinA3 and PlexinA4 were shown to be prominently expressed 

in the developing hippocampus and to mediate the effects of class III Semaphorins in 

pathfinding of major axonal projections (Bagri et al., 2003; Cheng et al., 2001; Tran et 

al., 2009). PlexinA3 and PlexinA4 interchangeably mediate the effects of Sema3A and 

Sema3F. In the developing hippocampus and in sensory and sympathetic neurons (Bagri 

et al., 2003; Cheng et al., 2001; Tran et al., 2009), the Plexin-Neuropilin complexes that 

form most efficiently are PlexinA3/NP-2 and PlexinA4/NP-1, which mediate the effects of 

Sema3F and Sema3A, respectively. Moreover, Sema3F via PlexinA3/NP-2 regulates spine 

morphogenesis in apical dendrites of dentate granule cells and layer V cortical pyramidal 

neurons, whereas Sema3A via PlexinA4/NP-1 regulates basal dendrite arborization in layer 

V cortical neurons (Danelon et al., 2020; Tran et al., 2009). This preference, however, is 

not absolute as in other brain regions, PlexinA3/NP-1 complex formation was preferred and 

shown to mediate the effects of Sema3A. This was particularly true in the hippocampal 

CA1 where PlexinA3 and not PlexinA4 partnered with NP-1 to mediate pruning of CA1 

pyramidal axons projecting to the medial septum downstream of Sema3A (Bagri et al., 

2003). This is consistent with our findings on the role of Sema3A/PlexinA3 in CA1 apical 

dendrite development. Our data regarding deletion and/or knockdown of Sema3A, PlexinA3, 

and NP-1 show that PlexinA3 mediates CA1 apical dendrite development downstream of 

Sema3A via Scribble association and cGMP activities. We show that PlexinA4 might not 

be involved in these early events, as PlexinA4 knockdown did not disrupt apical dendrite 

development. The more divergent isoform PlexinD1 is also unlikely to play a role in early 

CA1 apical dendrite morphogenesis. Nevertheless, we do not exclude the possibility that 

Scribble may associate with other Plexin co-receptors in the developing hippocampus. We 
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also do not exclude the possibility that via PlexinA3 association, Scribble might mediate 

cGMP increase and apical dendrite development downstream of other secreted class III 

Semaphorins in the hippocampus. The specific co-receptors that mediate the effects of class 

III Semaphorins in the development of major brain regions is an important issue that remains 

to be further elucidated.

Subsequent to its role in early dendrite development, the Scribble scaffold likely also plays 

a role in dendrite maturation and spine morphogenesis (Moreau et al., 2010; Richier et al., 

2010). Studies with the Scribble circletail mutant showed that Scribble regulates dendrite 

and spine morphogenesis by associating with the Rac-1 guanine nucleotide exchange factor 

(GEF), β-Pix (Moreau et al., 2010). Furthermore, Sema3A/PlexinA4 mediate basal dendrite 

elaboration and maturation in cortical pyramidal neurons by engaging the GEF protein 

FARP2 and Rac-1 signaling (Danelon et al., 2020; Tran et al., 2009). Whether both Rac-1 

and cGMP pathways or an interaction between them via Scribble association are required for 

the Scribble effects in dendrite and spine morphogenesis remains for future investigation.

We show that deletion of Sema3A, knockdown of Scribble or interruption of its association 

with PlexinA3 caused defects in bipolar polarity and leading process establishment in CA1 

pyramidal progenitors. Postmitotic CA1 pyramidal neurons assume unpolarized multipolar 

morphology (Kitazawa et al., 2014), and not much is known about the subsequent 

development of these neurons. Our findings demonstrate the critical role of Sema3A in 

bipolar polarity establishment at the SO before neurons settle at the SP and suggest 

that the Sema3A effects are mediated via the Scribble complex. First, we did not find 

perturbation in neuronal positioning from the SVZ to the SO following Sema3A deletion, 

Scribble knockdown, or LRR overexpression. Second, while most control neurons at the 

SO had polarized bipolar morphology, many neurons upon Sema3A deletion or disruption 

of PlexinA3-Scribble association appeared unpolarized, had multiple primary neurites, and 

did not properly develop a leading process. Lastly, only polarized bipolar neurons that had 

a leading process were found at the SP. Our findings underlie the role of Sema3A and the 

Scribble scaffold in bipolar polarity and development of the leading process/nascent apical 

dendrite and show that these likely occur at the SO and SP. We propose that the formation 

of the leading edge during bipolar polarity establishment and the subsequent development of 

the apical dendrite are tightly linked events. Although dedicated mechanisms that regulate 

these events independently of each other must exist, our study shows that cGMP-mediated 

mechanisms direct bipolar polarity and development of the apical dendrite downstream of 

Semaphorin signaling.

In the presence of spatially organized extracellular cues in developing pyramidal neurons 

in vivo, the signaling for apical dendrite development might assemble autonomously. 

Our findings suggest that Sema3A might promote PlexinA3-Scribble association. Whether 

the association with PlexinA3 is necessary for the dendritic localization of Scribble or 

vice versa, and whether Sema3A promotes Scribble-PlexinA3 association and thereby 

orchestrates their dendritic localization, remain to be further determined. Nevertheless, 

the assembly of Sema3A co-receptors and cGMP-synthesis enzymes on the Scribble 

scaffold might enable higher cGMP levels at the leading process/nascent apical dendrite 

to specifically promote its development.
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Limitations of the study

In the embryonic brain, selectivity for cGMP elevation in apical dendrite development 

may be independently mediated by a gradient of Sema3A generated across the developing 

neuron. Our study suggests that the assembly of cGMP-synthesis enzymes and Sema3A 

co-receptors on the Scribble scaffold would generate a gradient of cGMP production in 

response to the Sema3A gradient, with the highest at the leading process/nascent apical 

dendrite, to specifically promote its development. The presence of a gradient of Sema3A and 

the gradient of cGMP across the developing neuron in vivo is not directly addressed in our 

study.

STAR★METHODS

RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents 

should be directed to and will be fulfilled by the Lead Contact, Maya Shelly 

(maya.shelly@stonybrook.edu).

Materials availability—All plasmids and generated materials in this study are available 

from the lead contact with a completed materials transfer agreement.

Data and code availability

• All data reported in this paper will be shared by the lead contact upon request.

• This paper does not report original code.

• Any additional information required to reanalyze the data reported in this paper 

is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals—Rats and mice were used according to protocols approved by the Institutional 

Animal Care and Use Committees at Stony Brook University. Timed pregnant Sprague 

Dawley rats were from Envigo. Sema3A −/− mice were provided by Dr. Alex Kolodkin 

(Johns Hopkins University School of Medicine, Baltimore, MD). PlexinA3 −/− mice were 

provided by Dr. Tracy Tran (Rutgers University, Newark, NJ). As all manipulations were 

done in embryonic brains in utero, bias among male or female progeny from pregnancies, 

or data differences between males and females in FRET or morphological analyses, is 

not anticipated. Pregnancies and in utero transfection timings were carefully monitored. In 

genetically modified mice, data was acquired from littermates to prevent age variables.

Primary hippocampal culture and transfection—Cultures of dissociated 

hippocampal neurons were prepared from rat embryos as described previously (Dotti and 

Banker, 1987; Dotti et al., 1988). Neurons were plated onto a glass coverslip coated with 

poly-L-lysine (PLL), and cultured for 5 days. Amaxa nucleofection system (Lonza AG) was 

used to transfect expression vectors or shRNAs into primary neurons.
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METHOD DETAILS

Antibodies and materials—Scribble, Myc, and HA antibodies were from Santa 

Cruz Biotechnology (Santa Cruz, CA). Antibodies for PlexinA3, PlexinA4, PlexinA2, 

PlexinD1, and NP-1 were from Santa Cruz Biotechnology, from Abcam (Cambridge, MA), 

from Cell Signaling Technology (Danvers, MA), and from R&D Systems (Minneapolis, 

MN). β-actin antibody was from Cell Signaling Technology. FLAG®M2, peroxidase-

conjugated anti-FLAG®M2 and peroxidase-conjugated anti-HA antibodies were from 

Sigma (St. Louis, MO). Neuronal Class III β-Tubulin (Tuj1) antibody was from 

Covance (Princeton, NJ). Fluorescently conjugated Bovine Serum Albumin (BSA) was 

from Invitrogen Corporation (Carlsbad, CA). Analogue of cGMP (F-cGMP) - (8-[(2-

[(fluoresceinylthioureido)amino]ethyl]thio] guanosine-3′,5′-cyclic monophosphate (8-Fluo-

cGMP (F-cGMP) was from BIOLOG (Life Science Institute, Bremen, Germany). 

Recombinant Sema3A was kindly provided by T. Tran (Rutgers University, Newark, NJ).

Plasmid constructs and shRNAs—To suppress endogenous rat Scribble, we generated 

three shRNA sequences, shScrib#1, shScrib#2, and shScrib#3, and shScrib#4, as previously 

described (Szczurkowska et al., 2020). For the FRET experiments, these shRNA sequences 

were cloned into PRNT U6.1 expression vector that also drives expression of dTom, 

otherwise, the vector expressed EGFP. The shRNAs targeting rat NP-1 or PlexinA3, 

were previously described (Chen et al., 2008). Their sequences are as follows: NP-1, 5′-
AGAGAAGCCAACCAT TATA-3′; PlexinA3, 5′-GTGCGGGTTCGGCCTAATA-3′. The 

sequences of the shRNAs targeting rat PlexinA4 and PlexinD1 are as follows: PlexinA4, 5′-
AACACCTCCTATTCCTATGAA-3′; PlexinD1, 5′-AAGATGCTTACCAACTGGATG-3′. 
Expression constructs for Scribble, including the LRR domain and other mutants, as 

well as constructs for sGC-β1 and sGC-α1, were previously described (Szczurkowska et 

al., 2020). The cGMP FRET Probe cGi-500 was a kind gift from Dr. Doris Koesling 

(Ruhr-University Bochum, Germany) and described previously (Russwurm et al., 2007). 

The pCAG-promoter driven vectors, including pCAG-dTomato were described previously 

(Shelly et al., 2007). N-terminal Myc-tagged full-length mouse PlexinA3 construct was 

kindly provided by Dr. Alex Kolodkin (Johns Hopkins University, Baltimore, Maryland), 

and cloned into pCAG vector. Mutant PlexinA3 isoforms were generated in which the 

different cytoplasmic domains, C1, C2 and H/RBD, were either internally deleted (C1, ΔC1; 

H/RBD, ΔH/RBD, C2, ΔC2) or expressed in isolation (C1; H/RBD; C2). Rat sequences 

for NP-1 (GenBank: AAH85689.1), PlexinD1 (GenBank: NP_001381981.1), PlexinA3 

(GenBank: NP_001101051.2) and PlexinA4 (GenBank: XP_032762687.1), were generated 

(GenScript, Piscataway, NJ), and cloned into pCAG vector.

Micro-fabrication and substrate patterning—Poly(dimethylsiloxane) (PDMS) molds 

were generated and substrates were patterned in parallel stripes of 50 μm width separated by 

50 μm gaps as previously described (Shelly et al., 2007, 2017). PDMS mold was reversibly 

sealed on poly-L-lysine-coated glass coverslip, and microchannels formed between the 

PDMS mold and coverslip were used for microfluidic patterning of recombinant Sema3A 

together with fluorescently conjugated BSA as a marker. To examine rescue with cGMP-

activity, membrane permeable F-cGMP analog was patterned together with Sema3A. 

Recombinant Sema3A was kindly provided by T. Tran (Rutgers University, Newark, NJ). 
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The stripe-coated coverslips were washed extensively before neuronal plating. Dendrite 

initiation “on” or “off” the stripe was defined for cells with their soma located on the stripe 

boundary, and quantified by using the Preference Index (PI = [(% dendrites initiated on 

stripe) - (% dendrites initiated off stripe)]/ 100%. Dendrite formation ‘on’ Sema3A stripe 

refers to the side of soma in direct contact with the stripe relative to ‘off-stripe’.

Transfection, immunoblotting and immunoprecipitation—HEK-293 cells were 

transfected with plasmid DNA using calcium-phosphate method. 1 to 2 days 

after transfection, the cells were lysed and processed for immunoprecipitation and 

immunoblotting. For immunoprecipitation and immunoblotting of endogenous proteins from 

embryonic brains, the brains were lysed in 0.3% CHAPS lysis buffer, and lysates subjected 

to immunoblotting or immunoprecipitation.

Immunohistochemistry and AP-binding assay—Cultured cells were fixed in 

4% paraformaldehyde and permeabilized with 0.05% Triton x-100. Primary antibodies 

were incubated overnight at 4°C. Following extensive washes, cells were incubated 

with secondary antibodies for 2 h at room temperature. Brains were fixed in 4% 

paraformaldehyde, coronally sectioned at 30–60 μm thickness, and mounted.

The expression pattern of Sema3A and its direct receptor Neuropilin-1 (NP-1) in the mouse 

hippocampus was determined at P0 and P7. Alkaline phosphatase (AP)-NP-1 ectodomain or 

AP-Sema3A fusion proteins were bound to sagittal hippocampal sections of P0 or P7 WT 

mice, to detect endogenous Sema3A or NP-1 expression, respectively, in the hippocampus, 

using a colorimetric AP activity assay, as previously described (Tran et al., 2009).

FRET imaging and analysis—We designed measurement for determining changes in 

cGMP levels in cultured hippocampal neurons, under control conditions or following 

Sema3A treatment, resulting from genetic manipulations of Sema3A/PlexinA3 signaling 

or disruption of their interaction with Scribble, using a fluorescence resonance energy 

transfer (FRET) sensor for cGMP, cGi-500 (Russwurm et al., 2007). Our FRET assay and 

quantifications were previously described (Szczurkowska et al., 2020). The neurons, plated 

on glass-bottom dishes for live imaging (MatTek Corporation), were co-transfected prior to 

cell plating by electroporation with a construct encoding the FRET cGMP reporter cGi-500, 

together with shRNAs or DNA constructs. The FRET measurements were performed at 3 to 

4 DIV, a time when neuron polarization is complete. Neurons were imaged with EMCCD 

camera (Andor Technology PLC, UK), and epifluorescence microscope (Olympus, Center 

Valley, PA), equipped with a 75-W Xenon lamp and a 60× NA 1.42 objective (Olympus). 

FRET measurements were performed by CFP excitation with a band pass (440/20 nm) 

excitation filter, and simultaneous measurement of the fluorescence emission of CFP and 

YFP, using a dual view beam splitter equipped with a band pass (480/40 nm) emission 

filter for CFP and a band pass (530/40 nm) emission filter for YFP. The intensity of the 

light source and the exposure times were kept constant for all measurements for somatic 

FRET, or FRET measurements in dendrites, respectively. FRET signal was determined 

by YFP fluorescence measured upon CFP excitation (YFP-FRET). Because the FRET 

signal (YFP-FRET) in each cell would depend on the level of probe expression in that 

cell, FRET values were normalized to total YFP levels, determined upon YFP excitation 
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(YFP-total), with the assumption that total YFP levels (YFP-total) reflect the level of probe 

expression in the cell. To measure YFP-total, YFP was excited using a band pass (515/20 

nm) excitation filter. Importantly, the cGi-500 sensor relaxes its conformation upon cGMP 

binding, resulting in FRET reduction, whereas reduction in cGMP levels is reflected in 

FRET increase (Russwurm et al., 2007).

For somatic FRET measurements, for each cell, we measured the mean fluorescence 

intensity over the cell area. For dendritic FRET measurements, we measured the mean 

fluorescence intensity over the entire dendritic length. We made sure that the imaged cell 

expressed the shRNA or the expression plasmid before FRET imaging. FRET imaging was 

performed for 15 min following Sema3A application. The imaging for each channel: YFP-

total obtained upon YFP excitation and measurement of YFP emission, CFP donor obtained 

upon CFP excitation and measurement of CFP emission, and YFP acceptor obtained 

upon CFP excitation and measurement of YFP emission. All fluorescence intensities were 

background-subtracted with background intensity taken from a cell-free region, and were 

corrected for bleed-through. cGMP was determined by FRET signals in each control 

transfected cell, normalized to cGi-500 probe expression level in that cell, in the soma 

or dendrites (YFP-FRET / YFP-total), and presented for all cells with varying probe 

concentration (YFP-total). This analysis in control-transfected cells enabled to determine 

a range in which the FRET signals demonstrated a linear correlation with the levels of probe 

expression. This linear range of FRET response represents the baseline levels of cGMP in 

control-transfected cells, in the soma or dendrites. To determine the change in cGMP levels 

following different genetic manipulations, we examined the difference in FRET signals 

(ΔYFP-FRET / YFP-total) for experimental-transfected cells compared to respective control-

transfected cells, at corresponding levels of probe expression (YFP-total), in the soma or 

dendrites.

In utero electroporation—In utero electroporation with three-electrode configuration 

for targeting the neurogenic epithelia of the hippocampus was performed as previously 

described (Dal Maschio et al., 2012; Szczurkowska et al., 2016). In brief, timed-pregnant 

Sprague Dawley rats at E17.5 or timed-pregnant mice at E15.5, were anesthetized with 

isoflurane and their uterine horns were exposed by laparotomy. The target DNA solution 

(0.5–1.5 mg/mL) together with a pCAG-dTomato construct as a marker, mixed with the 

Fast Green dye (0.3 mg/mL; Sigma) was injected (1–2 μL) through the uterine wall into 

one of the lateral ventricles of each embryo. Six electrical pulses were delivered during 

electroporation (Rat E17.5 embryos: amplitude, 50V; duration, 50ms; intervals, 100ms; 

Mouse E15.5 embryo: amplitude, 30V; duration, 50ms; intervals, 1s) with a square-wave 

electroporation generator (model ECM 830, BTX, Inc.). The uterine horns were then 

returned into the abdominal cavity, the wall and skin sutured, and the embryos allowed 

to continue their development. Control and experimental embryos/pups were obtained from 

the same litter. All animal protocols were approved by the Institutional Animal Care and Use 

Committees of Stony Brook University.

Image acquisition and morphometric analysis—In cultured hippocampal neurons, 

a primary neuritic process directly extending from the soma of polarized neurons was 
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determined to be a dendrite based on MAP2 labeling. Only processes longer than 5 μm, 

and that were initiated within 5 μm from the soma when branching occurred, and that were 

positive for MAP2, were considered individual dendrites.

For image acquisition and morphological analysis of CA1 pyramidal neurons, brains were 

dissected at E18, E21, or P1, and fixed for 24 h in 4% paraformaldehyde (PFA) in 

PBS. Postnatal brains (P7) were fixed by transcardial perfusion with 4% PFA solution. 

Hippocampal coronal sections were obtained and the slices (Rat, 80μm; Mouse, 60μm) 

were mounted in Fluomount G (Southern Biotech, Inc.). For morphometric analysis of 

dendrite morphology and arborization, confocal images of isolated neurons were acquired 

with a 40× (N.A. 1.43) oil-immersion objective, and images of entire dendritic arbors 

were reconstructed from the Z-series stacks of the confocal images. Number of dendritic 

processes, their length and branching were measured and analyzed using ImageJ software. 

Furthermore, 3D images of entire dendritic arbors were reconstructed from the Z-series 

stacks of confocal images using IMRS 7.3.1 software (Bitplane). For analysis of dendrite 

number and length, total length and complexity of each process were measured and analyzed 

using the filament measurement in the software. Up to 30 neurons from multiple sections, 

from 3-5 brains, were analyzed for each condition. DAPI staining was used for layer 

determination.

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification of biochemical analyses of protein immunoblotting (IB) or 

immunoprecipitation (IP) are based on at least three independent experiments. Number of 

dendritic and neuritic processes, their length and branching were measured and analyzed 

using ImageJ software. Moreover, 3D images of entire dendritic arbors were reconstructed 

from the Z-series stacks of confocal images using IMRS 7.3.1 software (Bitplane). At 

least 20 neurons from multiple sections and brains were analyzed for each condition. 

FRET cGMP levels were quantified in 20–30 cells each from 3 to 4 cultures. Preferential 

dendrite initiation ‘on’ Sema3A stripe was quantified for neurons with soma located on 

the stripe boundary, from 35 to 75 cells each from 3 to 5 cultures. All data analyses 

were performed using GraphPad (Prism v8.1.2). One Way ANOVA was used to compare 

between multiple experimental conditions, Student’s t-test was used to compare between 

two different experimental conditions. Statistical significance was determined as: *p ≤ 

0.05; **p ≤ 0.01; ***p ≤ 0.001; ****p ≤ 0.0001. Error bars represent SEM. Additional 

quantification and statistical details can be found in the figure legends.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Sema3A co-receptor PlexinA3 interacts with the Scribble scaffold for cGMP 

synthesis

• Sema3A/PlexinA3 association with Scribble mediates cGMP increase in 

dendrites

• Sema3A/PlexinA3 mediate bipolar polarity and apical dendrite development 

via cGMP

• Sema3A/PlexinA3-mediated localized cGMP increase may direct leading-

edge polarity
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Figure 1. Sema3A mediates cGMP increase and dendrite development via PlexinA3-Scribble 
association
(A) Co-immunoprecipitation (co-IP) of Scribble with PlexinA2, PlexinA3, or PlexinA4 from 

rat E18 embryonic brain lysates. Immunoprecipitation (IP) with antibody (Ab) to PlexinA2, 

PlexinA3, or PlexinA4, and immunoblotting (IB) with Ab to Scribble. IB also with Abs 

to PlexinA2, PlexinA3, or PlexinA4 to detect their expression. IP with non-specific IgG, 

control (normal IgG). “Brain lysate,” total brain lysate (n = 3). PlexinA3 co-precipitated 

Scribble. IB with PlexinA Abs confirmed that absence of Scribble association with PlexinA2 

or PlexinA4 was not due to lack of protein expression. IB for PlexinA2, PlexinA3, or 

PlexinA4 showed cross-reactivity among Abs for PlexinA2 and PlexinA4, but not PlexinA3, 

reinforcing specificity of Scribble-PlexinA3 association (see Figure S1A).

(B) Schematics of wild-type (WT) Scribble and deletion mutants. WT-Scribble contains 16 

N-terminal leucine-rich repeats (LRRs) followed by four PDZ domains, separated by an 

intermediate region (IMR). Deletion mutants included those in which LRR (ΔLRR), LRR 

and IMR (PDZ/C), or all three regions, LRR, IMR, and PDZ (C-term) were deleted; variants 

of isolated LRR (LRR), IMR (IMR), or PDZ domains (PDZs). Scribble proteins fused to HA 

tag (Szczurkowska et al., 2020).

(C) Co-IP of PlexinA3 cytoplasmic domain (PlexinA3-CD) with WT or mutant Scribble 

variants from HEK-293 cell lysates co-expressing FLAG-PlexinA3-CD with HA-Scribble 
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mutants (B). IP, FLAG; IB, HA (right two panels). “Total Lysates,” total cell lysates (left two 

panels): IB, FLAG, or HA. Association of FLAG-PlexinA3-CD with HA-Scribble mutants 

quantified as fold change (n = 3, one-way ANOVA, Dunnett’s multiple comparison test: **p 

≤ 0.01; ***p ≤ 0.001) relative to WT-Scribble, normalized to total respective protein levels 

(see Figures S1B, S1C, and S2C).

(D) Co-IP of PlexinA3-CD with sGC-β1 in presence of Scribble from HEK-293 cell lysates 

co-expressing FLAG-PlexinA3-CD and GFP-sGC-β1, with WT-HA-Scribble, in presence 

of increasing concentration (0 up to 5 μg/μL) of dTom-LRR, to test PlexinA3-sGC-β1 

association in presence of WT-Scribble, and its disruption in presence of increasing LRR 

concentration. IP, GFP (sGC-β1); IB, FLAG (PlexinA3-CD). Total cell lysates, IB, FLAG 

(PlexinA3-CD), GFP (sGC-β1), HA (Scribble), or Tom (LRR), to check protein expression. 

FLAG-PlexinA3-CD IP with GFP-sGC-β1, in presence of dTom-LRR, quantified as fold 

change (n = 3, one-way ANOVA; Dunnett’s multiple comparison test: **p ≤ 0.01; ***p ≤ 

0.001) relative to cells not expressing dTom-LRR, normalized to total FLAG-PlexinA3-CD 

levels. β-Actin, loading control.

(E) Schematics of Sema3A signaling mediated by NP-1 that binds Sema3A and Plexin 

co-receptors mediating intracellular signaling. Depicted are PlexinA3 and sGC-β1 binding 

sites in Scribble, LRR, and IMR, respectively.

(F) Representative images of normalized somatic FRET (YFP-FRET/YFP-total)for 

control, Scribble-shRNA (shScrib#4), or LRR-expressing cultured hippocampal neurons, 

co-expressing cGMP FRET probe cGi-500, upon recombinant Sema3A (5 nM) treatment. 

Control, not treated with Sema3A. Scale bar, 10 μm. Right: higher-magnification images 

of boxed regions on left. Scale bar, 5 μm. FRET decrease upon Sema3A treatment reflects 

cGMP increase.

(G and H) Summary of difference in normalized somatic FRET (ΔYFP-FRET/YFP-total) 

compared with average of control for shScrib#4 (G) or dTom-LRR (H) transfected cells 

upon Sema3A treatment. Control, not treated with Sema3A (n = 3–4 cultures, 20–30 cells 

each; one-way ANOVA, Šídák’s multiple comparison test: *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 

0.001; ****p ≤ 0.0001) (see Figure S2).

(I and K) Representative images of normalized dendritic FRET (YFP-FRET/YFP-total), for 

control, PlexinA3-shRNA (I; shPlexinA3), or LRR (K) transfected neurons, co-expressing 

cGi-500, upon Sema3A treatment. Control, not treated with Sema3A. Scale bar, 10 μm. 

Bottom: higher-magnification images of individual dendrites (boxed regions in top panels). 

Scale bar, 5 μm.

(J and L) Summary of difference in normalized dendritic FRET (ΔYFP-FRET/YFP-total) 

compared with average of control for shPlexinA3 (J) or dTom-LRR (L) transfected neurons 

upon Sema3A treatment. Control, not treated with Sema3A (n = 3–4 cultures, 20–30 cells 

each; one-way ANOVA, Šídák’s multiple comparison test: **p ≤ 0.01; ****p ≤ 0.0001; L, 

LRR + Sema3A, **p = 0.0164).

(M) Representative images of cultured hippocampal neurons transfected with shRNAs for 

NP-1 (shNP-1), PlexinA3 (shPlexinA3), Scribble (shScrib#4), control-shRNA, or EGFP-

LRR or control vector, or co-expressing shPlexinA3 and LRR, plated on Sema3A stripes, 

alone or together with membrane-permeable fluorescent analog of cGMP (F-cGMP), 

following immunostaining with Tuj-1 at 5 DIV. Shown are neurons with soma located at 

stripe boundary. Scale bar, 20 μm.
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(N) Quantification of preferential dendrite initiation “on” Sema3A stripe, patterned alone 

or together with F-cGMP, presented as preference index (PI): [(% dendrites initiated on 

stripe) – (% dendrites initiated off stripe)]/100, for neurons with soma located on stripe 

boundary, examined at 5 DIV, transfected as in (M). PI value of 0 indicates equal preference 

for dendrite formation “on” or “off” stripe (n = 3–5 cultures, 35–75 cells each; one-way 

ANOVA, Dunnett’s multiple comparison test: ****p ≤ 0.0001; rescue with F-cGMP, 

one-way ANOVA, Tukey’s multiple comparison test: ****p ≤ 0.0001; shPlexinA3 versus 

shPlexinA3 + LRR, unpaired t test, **p = 0.0159) (see Figure S3).

*p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; ****p ≤ 0.0001. Error bars represent SEM.
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Figure 2. PlexinA3 and Sema3A are necessary for CA1 apical dendrite development
(A and D) Representative images of CA1 pyramidal neurons, P7, from WT (PlexinA3+/+), 

heterozygous (PlexinA3+/−), or homozygous (PlexinA3−/−) (A), or WT (Sema3A+/+), 

heterozygous (Sema3A+/−), or homozygous (Sema3A−/−) (D) mouse littermate brains, 

transfected in utero at E15.5 with dTomato marker. SO, stratum oriens; SP, stratum 

pyramidale; SR, stratum radiatum. Scale bar, 100 μm. Bottom: sample tracings of neuritic 

arbor of representative neurons. Scale bar, 20 μm.

(B and E) Quantification of average total apical dendrite length per cell for CA1 pyramidal 

neurons from PlexinA3+/+, PlexinA3+/−, or PlexinA3−/− (B), or Sema3A+/+, Sema3A+/−, or 

Sema3A−/− (E) littermate brains (B, n = 20–35 cells; E, n = 20–22 cells; one-way ANOVA, 

Dunnett’s multiple comparison test: *p ≤ 0.05; ***p ≤ 0.001).

(C and F) Quantification of average total apical dendrite branch points per cell for 

neurons from PlexinA3+/+, PlexinA3+/−, or PlexinA3−/− (C), or Sema3A+/+, Sema3A+/− , or 

Sema3A−/− (F) littermate brains; same dataset as (B) and (E). One-way ANOVA, Dunnett’s 

multiple comparison test: *p ≤ 0.05; ***p ≤ 0.001.

*p ≤ 0.05; ***p ≤ 0.001. Error bars represent SEM.
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Figure 3. PlexinA3-Scribble association is necessary for CA1 apical dendrite development
(A and D) Representative images of rat CA1 pyramidal neurons, P7, transfected in utero 
at E17.5 with shRNA for PlexinA3 (shPlexinA3), NP-1 (shNP-1), PlexinA4 (shPlexinA4), 

or PlexinD1 (shPlexinD1), or LRR, or control vector (A). Neurons co-transfected with 

WT-PlexinA3, PlexinA3-ΔC2 (associated Scribble; Figure S5), or PlexinA3-ΔCT (did not 

associate Scribble; Figure S5), or functional sGC (co-expressing sGC-α1 and -β1 subunits) 

(D). Neurons also co-transfected with shPlexinA3 and LRR (shPlexinA3 + LRR) (D). 

Neurons co-transfected with dTom marker. SO, SP, and SR layers as in Figure 2A. Scale bar, 

100 μm. Bottom: sample tracings of neuritic arbor of representative neurons. Scale bar, 20 

μm (see Figures S5 and S3).

(B and E) Quantification of average total apical dendrite length per cell for CA1 pyramidal 

neurons transfected as in (A) and (D) (n = 20–52 cells; data for control, shPlexinA3, and 

LRR were pooled among B and E). Control versus LRR or shPlexinA3 + LRR, one-way 

ANOVA, Dunnett’s multiple comparison test: ***p ≤*** 0.001; all other conditions, one-

way ANOVA, Tukey’s multiple comparison test: ***p ≤ 0.001; ****p ≤ 0.0001. Data for 

shPlexinA3, shPlexinA4, and shPlexinD1 were not significantly different (ns) from control.

(C and F) Quantification of average total apical dendrite branch points per cell; same dataset 

as in (B) and (E). Data for Control, shPlexinA3, and LRR were pooled among (C) and 

(F). Control versus shPlexinA3, LRR, or shPlexinA3 + LRR, one-way ANOVA, Dunnett’s 
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multiple comparison test: **p ≤ 0.01; ***p ≤ 0.001; all other conditions, one-way ANOVA, 

Tukey’s multiple comparison test: **p ≤ 0.01; ***p ≤ 0.001; ****p ≤ 0.0001; shPlexinA3 

versus shPlexinA3 + WT-PlexinA3, Student’s t test, **p ≤ 0.01; data for shPlexinA4 or 

shPlexinD1 were not significantly different (ns) from control.

**p ≤ 0.01; ***p ≤ 0.001; ****p ≤ 0.0001. Error bars represent SEM.
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Figure 4. Sema3A and Scribble are necessary for bipolar polarity and leading process 
establishment
(A and F) Representative images of rat CA1 pyramidal neurons at E21 (A) or P1 (F), 

transfected in utero at E17.5 with Scribble-shRNA (shScrib#4), LRR, or control vector, 

with EGFP marker. SO, stratum oriens; SP, stratum pyramidale; Scale bar, 100 μm. Bottom: 

sample tracings of neuritic arbor of representative neurons at SO or SP. Scale bar, 20 μm (see 

Figures S6A and S6B, DAPI-layer determination for images in A and F, respectively).

(B, D, and G) Quantification of percentage of polarized bipolar neurons at SO or SP, at 

E21 (B, SO; D, SP) or P1, expressing shScrib#4, LRR, or control vector. Data represent 

percentage from total number of transfected cells (n = 20–30 cells; B, one-way ANOVA, 

Dunnett’s multiple comparison test, shScrib#4, **p = 0.0137; LRR, ***p = 0.0013; D, 

one-way ANOVA, Dunnett’s multiple comparison test, ns; G, one-way ANOVA, Dunnett’s 

multiple comparison test, **p ≤ 0.01). (C, E, and H) Quantification of percentage of primary 

neurite number for neurons at SO or SP, at E21 (C, SO; E, SP) or P1, expressing shScrib#4, 

LRR, or control vector; same dataset as in (B, D, and G). Data represent percentage of 

primary neurites directly extending from the soma, from total number of processes including 

all neurites and branches (C, one-way ANOVA, Dunnett’s multiple comparison test, ***p ≤ 

0.001; E, one-way ANOVA, Dunnett’s multiple comparison test, ***p ≤ 0.001; H, one-way 

ANOVA, Dunnett’s multiple comparison test, ns).
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(I) Quantification of average leading process length per cell for polarized neurons 

transfected with shScrib#4, LRR, or control vector, at SO or SP, and at P1; same dataset 

as in (G) (one-way ANOVA, Dunnett’s multiple comparison test: **p ≤ 0.01; ***p ≤ 0.001).

(J) Representative images of CA1 pyramidal neurons at E18, at SO, from Sema3A+/+, 

Sema3A+/−, or Sema3A−/− mouse littermate brains, transfected in utero at E15.5 with dTom 

marker. SO, SP, and SR layers as in Figure 2A. Scale bar, 100 μm. Bottom: sample tracings 

of neuritic arbor of representative neurons. Scale bar, 20 μm (see Figure S6C, DAPI-layer 

determination for images).

(K) Quantification of percentage of polarized bipolar neurons at SO for neurons from 

Sema3A+/+, Sema3A+/−, or Sema3A−/− littermate brains at E18. Data represent percentage 

of total number of transfected cells (n = 20–30 cells; Dunnett’s multiple comparison test, 

**p ≤ 0.01; ***p ≤ 0.001).

(L) Quantification of percentage of primary neurite number for neurons at SO from 

Sema3A+/+, Sema3A+/−, or Sema3A−/− littermate brains at E18, same dataset as in (K). 

Data represent percentage of primary neurites directly extending from the soma, from total 

number of processes including all neurites and branches (Dunnett’s multiple comparison 

test, *p ≤ 0.05).

*p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001. Error bars represent SEM.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

rabbit anti PlexinA3 Abcam Cat#ab41564

rabbit anti PlexinA3 Santa Cruz Cat#sc-25641 (H-90)

mouse anti PlexinA3 Santa Cruz Cat#sc-374662 (A-8)

mouse anti PlexinA4 R&D Systems Cat#MAB5856

rabbit anti PlexinA4 Abcam Cat#ab39350

rabbit anti PlexinA4 Cell Signaling Technology Cat#3816

goat anti PlexinA2 R&D Systems Cat#AF5486

rabbit anti PlexinA2 Abcam Cat#ab39357

rabbit anti PlexinD1 Abcam Cat#ab96313

goat anti PlexinD1 R&D Systems Cat#AF4160

goat anti PlexinD1 Santa Cruz Cat#sc-46245 (E-13)

rabbit anti NP-1 Santa Cruz Cat#sc-5541 (H-286)

mouse anti NP-1 Santa Cruz Cat#sc-5307 (A-12)

rabbit anti Scribble (H-300) Santa Cruz Cat#sc-28737

rabbit anti Tuj1 Covance Cat#PRB-435P

mouse anti-GFP Roche Cat#11814460001

rabbit anti RFP Rockland Cat#600-401-379

rabbit anti β-actin Cell Signaling Technology Cat#4967L

mouse anti-FLAG®M2 Sigma-Aldrich Cat#F1804

mouse anti-HA Santa Cruz Cat#sc-7392

mouse anti Myc Santa Cruz Cat#sc-41 (C-8)

Rabbit anti Myc Santa Cruz Cat#sc-789 (A-14)

Alexa Fluor® 488 AffiniPure Goat Anti-
Mouse IgG

Jackson ImmunoResearch RRID: AB_2338840

Alexa Fluor® 594 AffiniPure Goat Anti-
Mouse IgG

Jackson ImmunoResearch RRID: AB_2338871

Alexa Fluor® 594 AffiniPure Goat Anti-
Rabbit IgG

Jackson ImmunoResearch RRID: AB_2338059

Alexa Fluor® 488 AffiniPure Goat Anti-
Rabbit IgG

Jackson ImmunoResearch RRID: AB_2338046

Alexa Fluor® 647 AffiniPure Goat Anti-
Rabbit IgG

Jackson ImmunoResearch RRID: AB_2338072

Alexa Fluor® 594 AffiniPure Goat Anti-
Chicken

Jackson ImmunoResearch RRID: AB_2337391

Bacterial and virus strains

DH5α competent cells Life Technologies Cat#18265017

Chemicals, peptides, and recombinant proteins

Recombinant Sema3A Tracy Tran Lab N/A

Fluorescently conjugated Bovine Serum 
Albumin (BSA)

Life Technologies Cat#A34786; Cat#A13100

Analogue of cGMP (F-cGMP) BIOLOG Cat#F 001

Hoescht 33342 (bis-benzimide 33342) Sigma-Aldrich Cat#B2261
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REAGENT or RESOURCE SOURCE IDENTIFIER

Triton X-100 Millipore Sigma Cat#TX1568-1

Fast Green Sigma-Aldrich Cat#F7252

Fluoromount-G SouthernBiotech Cat#0100-01

Phosphate buffered saline Sigma-Aldrich Cat#P4417

Normal Goat Serum Jackson ImmunoResearch RRID: AB_2336990

Amersham Hyperfilm ECL GE Healthcare Cat#28906839

Amersham ECL Western Blotting 
Detection Reagents

GE Healthcare Cat#RPN2209

Protein G agarose Roche Cat#11719416001

CHAPS hydrate Millipore Sigma Cat#9426

Nitrocellulose Membranes BIO RAD Cat#1620115

Tween 20 BIO RAD Cat#170-6531

Paraformaldehyde Milipore Sigma Cat#441244

0.25% Trypsin-EDTA Gibco Cat#25200056

GlutaMAX Gibco Cat#35050061

Neurobasal Medium minus Phenol Red Gibco Cat#12348017

Neurobasal Medium Gibco Cat#21103049

Hibernate E minus CaCl2 BrainBits Cat#HECA

Hibernate E BrainBits Cat#HE

Papain Worthington Biochemical 
Corporation

Cat#LK003178

Poly-L-Lysine Hydrochloride Millipore Sigma Cat#P9404

B-27 Supplement Life Technologies Cat#17504044

Critical commercial assays

EndoFree Plasmid Maxi Kit Qiagen Cat#12362

Experimental models: Cell lines

HEK-293 ATCC Cat# PTA-4488

Experimental models: Organisms/strains

CD® (Sprague Dawley) rats Charles River RRID:RGD_734476

Sema3A −/− mice Alex Kolodkin Lab N/A

PlexinA3 −/− mice Tracy Tran Lab N/A

Oligonucleotides

shPlexinA3 Chen et al. (2008) GATCCCGTATTAGGCCGAACCCGCAC 
TTGATATCCGGTGCGGGTTCGGCCTAA 
TATTTTTTCCAAA

shNP-1 Chen et al. (2008) GATCCCGTATAATGGTTGGCTTCTC 
TTTGATATCCGAGAGAAGCCAACCATTA 
TATTTTTTCCAAA

shPlexinA4 This study GATCCCGTTCATAGGAATAGGAGGTG 
TTTTGATATCCGAACACCTCCTATTCCTA 
TGAATTTTTTCCAAA

shPlexinD1 This study GATCCCGCATCCAGTTGGTAAGCATC 
TTTTGATATCCGAAGATGCTTACCAAC 
TGGATGTTTTTTCCAAA

shScrib#1 Szczurkowska et al. (2020) N/A

shScrib#2 Szczurkowska et al. (2020) N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

shScrib#3 Szczurkowska et al. (2020) N/A

Recombinant DNA

PRNT U6.1 vector GeneScript

shPlexinA3 Chen et al. (2008) N/A

shNP-1 Chen et al. (2008) N/A

shPlexinA4 This study N/A

shPlexinD1 This study N/A

shScrib#1 Szczurkowska et al. (2020) N/A

shScrib#2 Szczurkowska et al. (2020) N/A

shScrib#3 Szczurkowska et al. (2020) N/A

pCAG-HA-WT-Scribble-cDNA Szczurkowska et al. (2020) N/A

pCAG-HA-ΔLRR Szczurkowska et al. (2020) N/A

pCAG-HA-PDZ/C Szczurkowska et al. (2020) N/A

pCAG-HA-C-term Szczurkowska et al. (2020) N/A

pCAG-HA-LRR Szczurkowska et al. (2020) N/A

pCAG-HA-IMR Szczurkowska et al. (2020) N/A

pCAG-HA-PDZs Szczurkowska et al. (2020) N/A

pCAG-dTom-LRR Szczurkowska et al. (2020) N/A

pCAG-sGC-β1 Szczurkowska et al. (2020) N/A

pCAG-sGC-α1 Szczurkowska et al. (2020) N/A

pCAG- cGi-500 Dr. Doris Koesling (Ruhr-
University Bochum, Germany)

N/A

pCAG-mouse-Myc-WT-PlexinA3 Alex Kolodkin Lab/This study N/A

pCAG-Myc-ΔCT-PlexinA3 This study N/A

pCAG-Myc-ΔC1-PlexinA3 This study N/A

pCAG-Myc-ΔH/RBD-PlexinA3 This study N/A

pCAG-Myc-ΔC2-PlexinA3 This study N/A

pCAG-Myc-C1-PlexinA3 This study N/A

pCAG-Myc- H/RBD-PlexinA3 This study N/A

pCAG-Myc-C2-PlexinA3 This study N/A

pCAG-Flag-PlexinA3-CD This study N/A

pCAG-dTomato Szczurkowska et al. (2020) N/A

pCAG-EGFP Szczurkowska et al. (2020) N/A

Software and algorithms

ImageJ Fiji software RRID:SCR_002285

Prism v8.1.2 GraphPad RRID:SCR_002798

IMRS 7.3.1 Bitplane RRID:SCR_007370
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