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Abstract
Background

Semaphorins (Sema) belong to a large family of repellent guidance cues instrumental in guiding axons
during development. In particular, Class 3 Sema (Sema 3) are among the best characterized Sema family
members and are the only produced as secreted proteins in mammals, thereby exerting both autocrine
and paracrine functions.

Intriguingly, an increasing number of studies supports the crucial role of the Sema 3A in hippocampal
and cortical neurodevelopment, meaning that alterations in Sema 3A signaling might compromise
hippocampal and cortical circuits and predispose to disorders such as autism and schizophrenia.
Consistently, increased Sema 3A levels have been detected in brain of patients with schizophrenia and
many polymorphisms in Sema 3A or in the Sema 3A receptors, Neuropilins (Npn 1 and 2) and Plexin As
(Plxn As), have been associated to autism.

Results

Here we present data indicating that when overexpressed, Sema 3A causes human neural progenitors
(NP) axonal retraction and an aberrant dendritic arborization. Similarly, Sema 3A, when overexpressed in
human microglia, triggers proin�ammatory processes that are highly detrimental to themselves as well as
NP. Indeed, NP incubated in microglia overexpressing Sema 3A media retract axons within an hour and
then start suffering and �nally die. Sema 3A mediated retraction appears to be related to its binding to
Npn 1 and Plxn A2 receptors, thus activating the downstream Fyn tyrosine kinase pathway that promotes
CDK5 phosphorylation at the Tyr15 residue and the CDK5 processing to generate the active fragment
p35.

Conclusions

All together this study identi�es Sema 3A as a critical regulator of human NP differentiation thus
implying that an insult due to Sema 3A overexpression during the early phases of neuronal development
might compromise neuronal organization and connectivity and make neurons perhaps more vulnerable
to other insults across their lifespan.

Background
During neuronal development, axons navigate to their targets by sensing attractive and repulsive signals
through receptors located on their growth cones [1]. In particular, semaphorins (Sema) belong to a large
family of guidance cues proteins, consisting in secreted (Sema 2, Sema 3, and Sema V), membrane
spanning (Sema 1, Sema 4, Sema 5, and Sema 6) or glycosyl phosphatidyl inositol anchored (Sema 7A)
proteins [2, 3]. The effects of semaphorins depend on the binding to their receptors, the neuropilin (Npn)
and plexin (Plxn) A protein families [4]. This binding results in dynamic changes in the cytoskeleton and
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repulsive mechanisms at growth cone level [5]. In particular, an increasing number of studies have
indicated a role of Sema 3A in the regulation of neurodevelopment. As such, Sema 3A has been reported
to either trigger or inhibit axon repulsion in cortex [6, 7], as well as to prevent the pruning of hippocampal
axons [8] or promote branching by cerebellar basket cell axons onto Purkinje cells in the cerebellar cortex
[9]. Inconsistencies have been also reported in Sema 3A knock-out (KO) mice, where the lack in Sema 3A
can cause either a reduction or an increase in terminal basket cell axonal arborization [10]. Interestingly,
Sema 3A has previously been postulated to be implicated in the aetiology of schizophrenia [11, 12]. In
fact, Sema 3A expression has been found highly increased in the cerebellum and prefrontal cortex of
patients with schizophrenia [12] and several polymorphisms in Sema 3A or in the Sema 3A receptors,
have been described in patients with neurological disorders, particularly in autism and schizophrenia
[13–17, 12, 18, 19].

The goal of this study is to elucidate how neurons sense and respond to exogenous or endogenous
changes in Sema 3A expression levels during the �rst days of development using human neural
progenitors (NP). Our �ndings highlight a novel mechanism in which a transient increase in Sema 3A
levels activates axonal targeting errors and branch pruning defects in NP during the �rst days of
differentiation. These alterations might likely recapitulate possible pathological conditions that
compromise neuronal functions during the early stages of development, thus affecting the neuronal
growth and differentiation and predisposing to other neurologic diseases.

Results

Sema 3A overexpression causes axonal retraction and
increases dendritic branching in neural progenitors
We �rstly analysed how human neural progenitors (NP) sense intracellular increase of Sema 3A
expression during the �rst days of differentiation. Our previous studies indicate that NP start polarizing
and generate axon growth cone approximately 48 h after plating [20, 21]. Then, 4–5 days later, a large
portion of NP becomes microtubule-associated protein 2 (MAP-2) positive (neurons) and this portion
further increases within the next 7–10 days [21, 20, 22]. Therefore, we will here refer to NP or neurons
depending on whether cells have been cultivated two or four days, respectively. We �rstly evaluated
whether NP express Sema 3A. We found that all the NP expressed Sema 3A and its receptor Npn 1 two
(data not shown) and four days after plating (Supplementary Fig. 1A), likely suggesting that at this age,
there are any speci�c neuronal subtypes that prioritize Sema 3A expression or is more susceptible to
Sema 3A signal. Interestingly, Sema 3A appeared largely distributed both in the cytosol and along the
neurites, and largely colocalize with Npn 1. Next, to mimic a transient increase in Sema 3A, that may
recapitulate neurotoxic events like those described by others in animal model of neuronal diseases [9, 23,
19, 24], NP were transfected with GFP-tagged Sema 3A (Sema 3A) or GFP-empty vector (GFP) 48 h after
plating. As additional controls, we used not transfected (Ctrl) and silenced Sema 3A (siSema 3A) NP. 48 h
after transfection (4 days in culture), neurons were collected and cell extracts were used for western blot



Page 4/22

(WB) (Supplementary Fig. 1B) or immuno�uorescence (IF) (Fig. 1) analysis. Quanti�cation of WB bands
indicated a 50% increase in Sema 3A expression in transfected neurons (Supplementary Fig. 1B). In
particular, two bands were detectable approximately at 95 kDa and 130 kDa corresponding to the native
Sema 3A [25, 26] and the transfected GFP tagged Sema 3A, respectively (Supplementary Fig. 1B). In
addition, 50% reduction in Sema 3A expression was observed in siSema 3A treated neurons
(Supplementary Fig. 1B). Of note, IF analysis showed a remarkable increase of Sema 3A staining (green)
in the apical dendrites in neurons 48 h after Sema 3A transfection compared to not transfected control
(Supplementary Fig. 1A). In addition, we counted the number of Sema-GFP positive NP and we found that
approximately 15% (± 3.2) of the total DAPI positive cells were properly transfected when compared to
not-transfected Ctrl cells 100% ± 7.9 and GFP empty vector 23% ± 8.1.

To visualize neuronal structure and dendritic arborization, 48 h after transfection, neurons were stained
with Ankyrin G (Ank G, axonal growth cone, in green) [27] and β-III tubulin (neurites, in red) (Fig. 1A) or
MAP-2 (dendrites, in red) (Fig. 1D), respectively and examined by confocal microscopy. Axonal length and
dendritic branching were analysed by Image J software. Skeleton mask analysis is reported in Fig. 1B.
Neurons overexpressing Sema 3A showed a remarkable reduction in the axonal length when compared to
Ctrl or GFP neurons (Fig. 1C). This reduction was associated to an increased dendrites’ branching,
assessed by Sholl analysis (Fig. 1E). Interestingly, in Sema 3A overexpressing neurons, dendrite branches
signi�cantly increased in the areas around the soma (4–19 µm from the soma) (Fig. 1E, and
Supplementary Table 1), suggesting that Sema 3A overexpression favours the formation of multiple
branches rather than driving the formation of one mature axon. Moreover, we clustered the dendritic
branches in I, II and III orders, according to Strahler criteria analysis and we found a signi�cant increase in
the branches’ number of order I and II in Sema 3A overexpressing neurons compared to both Ctrl and GFP
(Fig. 1F), further underlining the role of Sema 3A in contributing to the dendritic architecture and
organization.

Neuropilins (Npn 1 and 2) have been described to be essential for the Sema 3A binding to Plexin (Plxn) A
receptors and for the activation of Sema 3A downstream signals [28]. Remarkable, Sema 3A appears to
prioritize the binding to Npn 1 rather than Npn 2, in order to activate axonal repellent downstream signals
[29, 30]. We therefore inhibited Npn 1 expression in wildtype and Sema 3A overexpressing NP. 48 h after
transfection, neurons were stained with AnkG, β-III tubulin and MAP-2 (Fig. 1A) and axonal growth cone
elongation and dendritic branching were analysed (Fig. 1B-E). Npn 1 silencing was con�rmed by Npn 1
staining quanti�cation (Supplementary Fig. 1C). Of note, we found an increased number of MAP-2
positive neurons (Supplementary Fig. 1D) with long axons (Fig. 1C) and irregular dendrite arborization
(Fig. 1E) in NP in which Npn 1 was silenced. In addition, the axonal retraction observed in neurons
overexpressing Sema 3A was signi�cantly preserved when cells were co-transfected with siNpn 1
(Fig. 1A-C), suggesting that Sema 3A requires Npn 1 receptor to explicate these functions in this
experimental paradigm. Interestingly, an unstructured dendrites architecture in the distal areas from the
soma (40–50 µm from the soma) was observed in Sema 3A + siNpn 1 neurons different to that observed
in Sema 3A where, instead, we found that dendrites’ arborization was increased in the proximal areas
(Fig. 1E; see also Supplementary Table 1 for single value comparative Sholl analysis).
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Microglia Overexpressing Sema 3a Release Sema 3a And
Activate Neuroin�ammatory Pathways
As Sema 3A can exert either autocrine or paracrine functions, we developed a different experimental
paradigm, consisting in exposing neurons to an exogenous source of Sema 3A.

Because of the multiple evidence pointing on microglia and neuronal interactions as crucial in creating
the speci�c molecular environment dictating neuronal differentiation [31, 32], we decided to mimic this
interaction in vitro using human NP and primary microglia cultures. Indeed, studies support the role of
microglia in either exerting neurotrophic functions during the development [33, 34], or triggering
in�ammatory pathways, impairing synaptic functions and increasing susceptibility to peripheral insults in
neurodevelopmental disorders [35, 36]. A variety of not yet de�ned stimuli trigger resting microglia turning
into the M1 or M2 activated phenotype. Indeed, the M1 polarized microglia, but not the M2, promote
neuroin�ammatory events and show a slower phagocytic activity [37].

Sema 3A has long been considered as having anti-in�ammatory properties [38]. However, more recently, a
detrimental role of Sema 3A in neuroin�ammatory diseases is emerging [39, 40]. Therefore, we �rstly
evaluated whether Sema 3A overexpression induced a switch of microglia from resting to activated
states. Next, we investigated whether Sema 3A elicits M1 or M2 microglia polarization. Microglia were
transfected with GFP tagged Sema 3A following the procedure reported in Materials and Methods and the
number of green cells were counted by IF and expressed as % of the total cell number in each slide. We
found that 17.06% ±1.01 Sema 3A and the 17.5% ±2.9 GFP microglia (N = 6; % of the total number of
plated cells) were transfected (Fig. 2A). Additionally, a signi�cant amount of Sema 3A was released in
media from microglia overexpressing Sema 3A, as con�rmed by Elisa (Fig. 2B).

Notably, Sema 3A overexpression induced a large decrease in the number of DAPI positive microglia
nuclei, consistent with a role of Sema 3A in promoting cell death and activating toxic processes (Fig. 2C).

We then evaluated whether Sema 3A overexpression impacts on microglia M1 or M2 polarization 48 h
after GFP or Sema 3A transfection. For this, microglia were stained with antibodies against cluster of
differentiation 68 (CD68) and 86 (CD86) and Ionized calcium-binding adapter molecule 1 (Iba 1), that
have been reported to be expressed mainly in the activated microglia [41]. Transmembrane protein 119
(TMEM 119) was used as speci�c microglia marker, instead [42]. Finally, tumour necrosis factor-α (TNF-α)
and inducible nitric oxide synthase (iNOS) were used as pro-in�ammatory markers to recognise M1
polarized microglia [43, 44]. We therefore assessed the mean �uorescence intensity (MFI) for each marker
in Sema 3A and GFP transfected microglia and we expressed such values in respect of the total cell
number and as % of Ctrl (Fig. 2D, E). As shown in Fig. 2D, the number of TMEM 119 positive cells was not
signi�cantly different when Sema 3A was compared to GFP and Ctrl microglia. Differently, Iba 1, CD86
and CD68 were all increased in microglia overexpressing Sema 3A when compared to either Ctrl or GFP,
indicating that Sema 3A activates microglia (Fig. 2D). Interestingly, the number of iNOS and TNFα
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positive cells were also increased in Sema 3A microglia suggesting that Sema 3A promotes M1
polarization (Fig. 2E, F).

Neural progenitors retract axon 60 min after exposure to media from microglia overexpressing Sema 3A
and then die.

We next exposed NP to media from microglia transfected with Sema 3A (Sema 3A) or GFP (GFP) or not
transfected (Ctrl) for 60 or 180 min. 60 and 180 min after exposure, neurons were stained with Ank G
(green) and β-III tubulin (red) to assess axonal length and with MAP-2 (red) for dendritic branching
(Fig. 3A, C). We found that media from Sema 3A induced a signi�cant axonal retraction (Fig. 3A,B) as
also shown by skeleton mask (Fig. 3A) and an increased apical dendritic arborization (Fig. 3C, D) in NP
within an hour after exposure, consistently with data reported in neurons overexpressing Sema 3A
(Fig. 1). In addition, Strahler analysis showed an increase in the branches’ number of order I, II and III in
neurons upon media from Sema 3A microglia (Fig. 3D), when compared to media from both Ctrl and GFP,
indicating an increased structural complexity in the dendritic branches in NP exposed to Sema 3A when
compared to NP overexpressing Sema 3A (Fig. 1F), This may suggest that NP are more sensitive to Sema
3A if exogenously administered. In addition, the number of NP exposed to media from Sema 3A microglia
was largely reduced 60 min after exposure and 180 min later the majority of NP were aggregated to form
big clusters in which most cells were dead (Fig. 4A, C). By contrast, NP exposed to media from GFP or Ctrl
microglia neither suffered nor died (Fig. 4C).

Axonal retraction started already 30 min after Sema 3A media exposure (Fig. 4B, see also supporting
materials/live imaging analysis, Supplementary Video 1). In fact, as shown in Fig. 4D, NP within the 60
min after exposure to media from Sema 3A microglia covered a distance larger than controls.

Finally, NP expressed high iNOS and TNFα levels, suggesting that an exogenous Sema 3A insult from
microglia M1 activated cells initiates neuroin�ammatory pathways (Fig. 4E, F), that likely results in NP
death (Fig. 4A, C). Of note, a similar proin�ammatory pathway appeared to be also activated in microglia
when exposed to media from neurons overexpressing Sema 3A. In fact, the number of iNOS
(Supplementary Fig. 2A, C) and TNFα (Supplementary Fig. 1B, D) positive microglia were increased and
largely died within an hour after Sema 3A neuronal media exposure (Supplementary Fig. 2E).

The strong impact that Sema 3A signalling has on axonal dynamics has been described previously
although under different experimental conditions and mostly in animal models [45, 9]. However, less is
known about Sema 3A downstream pathway responsible for the dynamic of such axonal retraction. One
of the most intricated and controverse pathways is represented by Fyn, a member of the Src family of
non–receptor tyrosine kinases, as Sema 3A downstream effector signal [46, 47]. In particular, Fyn, when
activated, phosphorylates the Plxn A2 cytoplasmic domain [48] as well as the threonine-serine kinase
cyclin-dependent kinase 5, CDK5, and form a complex with Sema 3A receptors, Plxn A2 and Npn 1. As
consequence, phosphorylated CDK5, triggers Pak/Rac signals and cytoskeletal rearrangements [49, 48]
(see also cartoon reported in Fig. 5A). We therefore used WB analysis to evaluate whether Fyn was
activated in neurons exposed to media from Sema 3A microglia. We found an increase in the levels of
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Fyn phosphorylated at of Tyr420 (Fig. 5B), that other and we previously used as indirect marker of Fyn
activation [22, 50, 21]. Such increase did not occur in neurons upon GFP or in Ctrl media suggesting that
Sema 3A activates Fyn pathway. Consistently, we found higher levels of both Tyr15 CDK5
phosphorylation as well as p35/CDK5 production in neurons exposed to media from Sema 3A microglia
(Fig. 5C, D).

As Sema 3A-Fyn-CDK5 signaling involves Plxn A2 receptor activation [48], we silenced Plxn A2 (siPlxn A2)
receptor expression and analysed whether neuronal exposure to media from Sema 3A microglia was still
able to activate Fyn cascade. siPlxn A2 was con�rmed by quanti�cation of WB analysis (Fig. 6A). Of
note, WB analysis showed reduced Fyn Tyr420 phosphorylation levels in siPlxn A2 neurons incubated in
media from Sema 3A microglia (siPlxn A2 + Sema 3A) when compared to neurons in which Plxn A2 was
not silenced (Sema 3A, Fig. 6B), suggesting that axonal retraction signal needs the Sema 3A binding to
Plxn A2 receptor to be initiated.

Discussion
Neurodevelopmental disorders, such as schizophrenia and autism spectrum disorders (ASD), are chronic
conditions occurring early in brain development and resulting in functional neuronal abnormalities and
aberrant neuronal connectivity, mostly consisting in the abnormal sprout of neuronal processes or in
altered spine growth and dendrite morphology [51–53]. Notably, recent evidences have underlined the
potential critical role of Sema 3A in fostering these alterations [54, 9, 11].

On the other side, an increasing number of epidemiological studies are underlining the signi�cance of
maternal infection as risk factor for autism or schizophrenia [55–58]. In particular, prenatal exposure to
infections have been described as causative factor in rise of schizophrenic births [59]. Of interest, Meyer
et al. [60] demonstrated that neurons respond differently to in�ammatory stimuli according to the foetal
age during gestational development, delineating the hypothesis that the time of prenatal insult may
differently affect neuronal structure abnormalities, meaning that insults occurring at the earliest times of
neurodevelopment might cause defects persisting throughout adulthood [61].

Taking into account all these aspects, we hypothesized that increased levels of Sema 3A during the early
stages of neuronal development, may result in alterations in neuronal growth or neurochemical
dysregulations, such as the activation of neuroin�ammatory processes. To investigate our hypothesis, we
analysed how Sema 3A impacts on NP differentiation using two different paradigms consisting one in
transfecting NP with Sema 3A and the other in exposing NP to media from microglia overexpressing
Sema 3A. Both the paradigms affected the architecture of the NP at the very early stages of their
differentiation. In particular, when Sema 3A insult came from microglia, it activated neuroin�ammatory
pathways in NP and induced cell death. Additionally, Sema 3A overexpression promoted the axon growth
cone retraction and initiated an aberrant dendritic arborization in the area proximal to the soma, mirroring
a phenotype previously described in neurons derived from patients with autism [62].
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Of note, the effects on axonal elongation and branching due to Sema 3A overexpression were partially
rescued in neurons in which Npn 1 and Plxn A2 were silenced, pointing on these two receptors as major
transducers of Sema 3A signal in NP. While there is a large consent that Sema 3A requires Npn 1 as
additional receptor moiety to create a holoreceptor complex with Plxn As and promote Sema 3A
chemorepellent signalling [63], it is still controversial which of the Plxn As transduces Sema 3A signaling.
Indeed, studies report that Plxn A2 and Fyn form a complex with Npn 1 that results in Plxn A2
phosphorylation and promotes the activation of the downstream CDK5 pathway [64, 65, 48]. Consistently,
Sasaki et al, proposed previously a signal transduction pathway in which Sema 3A-Fyn interaction was
essential in controlling apical dendrite guidance in the cerebral cortex of Sema 3A knock out mice [48]. In
line with these results, we found that Fyn Tyr420 phosphorylation increased in NP exposed to Sema 3A
media and that, such phosphorylation, was partially reduced in neurons in which Plxn A2 was silenced,
pointing to Fyn as downstream effector of Sema 3A-Plxn A2 signaling in human neurons. Notably,
although our data point to Plxn A2 as one important player in transducing Sema 3A signal transduction,
the possibility that other Plxn As might contribute to all the processes described here, cannot be ruled out.

Furthermore, future studies should elucidate which factors may induce Sema 3A overexpression in
microglia as well as in neurons during neuronal development. Studies have reported increased Sema 3A
expression levels in some neurologic diseases in which neuroin�ammation appears to play a critical role
[66, 23, 67, 12, 68]. Of note, in these studies Sema 3A appeared to trigger either protective [69] or
detrimental functions [70] [71]. We found that Sema 3A activates microglia and promotes M1
polarization. Intriguingly, iNOS and TNFα markers were also increased in neurons 60 min after exposure
to Sema 3A media, indicating that a very short in�ammatory insult, during the very early stages of
neuronal development may promote neuroin�ammatory pathways and affect differentiation and
connectivity. Consistently with this hypothesis, also microglia when exposed to media from neurons
overexpressing Sema 3A polarized toward the M1 phenotype and demonstrated increased iNOS and
TNFα levels associated with increased cell death.

Conclusion
All together these �ndings point to a transient increase in Sema 3A as potential trigger of
neurodevelopmental de�cits in human NP and de�ne the downstream effectors of Sema 3A signals that
are responsible for these defects. Indeed, whether such aberrant neuronal signaling plays a major role in
the development of autism or schizophrenia deserves additional investigation.

Materials And Methods

Human neural progenitor cultures
Human neural progenitors (NP) (#ax0015) were obtained from Axol Bioscience (Cambridge, UK) and
cultured following the procedures previously reported [21, 20]. According to the customer suggestions, NP
were passaged maximum three times before using for the experiments. Shortly, NP were plated in
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precoated wells as well as slides using Geltrex coating solution (ThermoFisher, Milan, IT), and
differentiated in Neurobasal supplemented with B27 media (ThermoFisher, Milan, IT). As controls for our
experiments, some key results were con�rmed also in #ax0016 (Axol Bioscience, Cambridge, UK).

For RNA silencing, two days after plating, NP (2,500,000 cell/well, diameter/well 35 mm) were incubated
with a siRNA mix containing Sema 3A (Ambion, Milan, IT, #S20284) or Npn 1 (Ambion, Milan, IT,
#107267) or Plxn A2 siRNA (5 pmol, Ambion, Milan, IT, #S10700), 1µl Lipofectamine Messenger Max
mRNA Transfection Reagent (Invitrogen, Milan, IT) and 100 µl Opti-MEM medium (ThermoFisher, Milan,
IT) and left in Neurobasal supplemented with B27 media (ThermoFisher, Milan, IT) for additional 48 h. In
preliminary experiments to set working conditions, we used 5 pmol Silencer GAPDH siRNA (Ambion,
Milan, IT, #AM4624) as positive control and Silencer Negative Control siRNA (Ambion, Milan, IT,
#AM4611) as the negative control following supplier’s suggestions (data not shown).

For DNA transfection, 10µg/ml of Sema 3A-GFP (OriGene Technologies Inc., Rockville, MD, USA,
#RG213681) or GFP empty vector (OriGene Technologies Inc., Rockville, MD, USA #PS100010) were
incubated in 1 µl Lipofectamine Stem Transfection Reagent (Invitrogen, Milan, IT) for 20 min and then the
mix was transferred to NP that were left in Neurobasal supplemented with B27 media for 48 h. After 48 h,
the medium was refreshed, and cells were cultured for an additional 24 h.

In siRNA and DNA co-transfection experiments, NP were incubated with 10µg/ml Sema 3A-GFP or GFP-
empty vector and 5 pmol siNpn 1 (Ambion, Milan, IT, #107267), si Sema 3A (Ambion, Milan, IT, #S20284)
or siPlxn A2 (Ambion, Milan, IT #S10700) in 1 µl Lipofectamine Stem Transfection Reagent (Invitrogen,
Milan, IT) and left in Neurobasal supplemented with B27 media for 48 h.

Human Primary Microglia
Human fetal brain-derived primary cultures of microglia (HMC3, 37089-01), purchased from Celprogen
Inc. (Benelux, NL) were cultured in Essential medium 8 (ThermoFisher, Milan, IT). DNA transfection was
performed by incubating 10µg/ml of Sema 3A with 15 µl of Lipofectamine 2000 (Invitrogen,
ThermoFisher, Milan, IT), according to the manufacturer protocols. After 20 min, fresh media was added,
and cells were left in culture for 48 h. 10µg/ml of GFP-empty vector was used as transfection positive
control.

Western Blot Analysis (Wb)
For protein isolation, cells were collected and homogenized in RIPA buffer (ThermoFisher, Milan, IT)
supplemented with protease inhibitors (Sigma-Aldrich, Darmstadt, DE). After 60 min incubation on ice, the
homogenates were centrifuged (14000 rpm, 4°C, 20 min) and soluble protein samples were stored at
-80°C until use. Protein concentration was determined with the Bradford assay. Equal amounts (30 µg) of
proteins were separated on 4–15% precast polyacrylamide gel (Biorad Laboratoires, Milan, IT) under
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reducing conditions, transferred into PVDF membranes (Abcam, Cambridge, UK). Membranes were
blocked with 5% Bovine Serum Albumin (BSA, Sigma-Aldrich, Milan, IT) in Tris-Buffered Saline-Tween
(TBS-T, Biorad Laboratoires, Milan, IT) and incubated overnight with the appropriate primary antibody.
Anti-mouse or anti-rabbit secondary antibodies (Santa Cruz Biotechnology, Dallas, TX, USA) were used to
detect the primary antibody. The detection of the protein of interest is achieved using chemiluminescent
method utilizing Clarity Western ECL Substrate (Biorad Laboratoires, Milan, IT). For digital quanti�cation,
densitometric analysis of the immunoreactive bands was performed using ImageLab 6.1.0 software
(2020, Bio-Rad Laboratories, Milan, IT). The following primary antibodies were used (see also key
resource Table): anti-β-actin (1:20000, Sigma-Aldrich, #A3854), anti-iNOS (1:1000, Proteintech, #18985-1-
AP), anti-TNFα (1:1000, Proteintech #17590-1-AP), anti-Sema 3A (1:1000, Invitrogen, #PA5-67972), anti-
Fyn (1:1000, Cell Signaling, #4023), anti-pFyn Tyr420 (1:1000, Cell Signaling, #2101S), anti-p35/CDK5
(1:1000, Cell signaling, #2506), anti-pCDK5 Tyr15 (1:1000, Cell Signaling, #94254). The following
secondary antibodies were used for immunoblotting: anti-rabbit IgG-HRP conjugated (1:5000, Santa Cruz,
#sc-2357), anti-mouse mIgGk BP-HRP (1:5000, Santa Cruz, #sc-516102).

Enzyme-linked Immunosorbent Assay (Elisa)
Sema 3A protein levels in media from microglia overexpressing Sema 3A (Sema 3A media) or GFP (GFP
media) or not transfected (Ctrl media) were assessed using Elisa kit (ELISA, Cusabio, Houston, TX, USA
#CSB-E15913h), according to the manufacturer's instructions. Kit sensitivity was 0,156 ng/ml, according
to the manufacturer information.

Immuno�uorescence (If)
NP were plated on precoated slides for approximately two days in Neurobasal supplemented with B27
media (250,000 cells/well; diameter/well 16 mm) and then transfected with siRNA or DNA or exposed to
microglia conditioned media as described in each �gure. NP were �xed in 4% PFA-methanol free solution
(ThermoFisher, Milan, IT), washed with Dulbecco's Phosphate Buffered Saline (DPBS, ThermoFisher,
Milan, IT) and permeabilized with 0.05% Triton X-100 (Bio-Rad Laboratories, Milan, IT) for 3–5 min at
room temperature. Triton was eliminated and cells were rinsed with DPBS. Then, cells were processed for
the staining and incubated with primary antibodies overnight at 4°C. The primary antibodies used were
anti-Ankirin G (1:200, Invitrogen, #33-8800), anti-βIII Tubulin (1:1000, Abcam, #ab Ab18207), anti-CD68
(1:1000, Proteintech, #66231-2-Ig) anti-CD86 (1:1000, Proteintech, #13395-1-AP), anti-IBA1 (1:1000,
Proteintech, #66827-1-Ig), anti-iNOS (1:1000, Proteintech, #18985-1-AP), anti-MAP-2 (1:1000, Invitrogen,
#PA517646) anti-Npn 1 (1:1000, Abcam, #ab81321), anti-Plexin A2 (1:1000, Cell Signaling, #5658), anti-
TMEM119 (1:1000, Proteintech, #66948-1-Ig) anti-TNFα (1:1000, Cell Signaling, #3707). Fluorescent
secondary antibodies conjugated to Alexa 488 (1:250, Invitrogen, #A-11029) or 594 (1:250, Invitrogen,
#R37117) were used for primary antibodies’ detection for 45 min at room temperature. Nuclei staining
was obtained with DAPI (Fluoroshield Mounting Medium with DAPI, Abcam, #AB104139) and imaged
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with Plan Apochromat 40x/1,3 Oil DIC M27 (Zeiss, Oberkochen, Germany) or EC Plan Neo�uar 20x/0,50
M27 (Zeiss, Oberkochen, Germany) or EC Plan Neo�uar 10x/0,30 (Zeiss, Oberkochen, Germany)
objectives on a Zeiss LSM700 AxioObserver laser scanning confocal microscope equipped with a gallium
arsenide phosphide photomultiplier tube (GaAsp-PMT) detector and controlled by a Zen black software
(Zeiss, Oberkochen, Germany). Fluorescence images presented are representative of cells imaged in at
least three independent experiments and were processed with Fiji, ImageJ2 software (National Institutes
of Health, Bethesda, Marlan, USA). In order to analyze axonal length and dendrite organization, NP were
plated onto glass slides coated in a 24-well plate at a density of 75k cells per well. Axonal length was
assessed using NeuronJ plug-in (ImageJ); Sholl analysis and Strahler analysis were performed using
Neuroanatomy plug-in (ImageJ). Representative skeleton masks in Figs. 1B and 3A were obtained using
Synapse and Neurites Detector (SynD) software [72].

Pictures in Fig. 2F were acquired with the LMS980 confocal microscope (Zeiss, Oberkochen, Germany)
equipped with a Plan Apochromat 63x/1,40 Oil DIC M27 objective (Zeiss, Oberkochen, Germany), using a
GaAsP-PMT detector (Zeiss, Oberkochen, Germany) and a Zen Blue Software (Zeiss, Oberkochen,
Germany). Quantitative data of microglia were obtained after acquisition of huge tile regions (at least 64
frames) with Celldiscoverer7 system (Zeiss, Oberkochen, Germany) and measured Fluorescence Mean
Intensity (MFI) through analysis module of Zen 3.1 Software (Zeiss, Oberkochen, Germany) (Fig. 2E). For
each marker and each experiment, a threshold for the MFI was established and all the cells with higher
level of �uorescence were counted as positive for that speci�c marker. Percentage of positive cells was
calculated on total number of nuclei in the �eld.

Live Imaging
Live Imaging analysis was performed at CEINGE Advanced Light Microscopy Facility using the
automated platform Celldiscoverer7 system (Zeiss, Oberkochen, Germany) equipped with a heated stage
(37°C and 5% CO2) and an Orca �ash 4.0 camera (Hamamatsu). Brie�y, timelapse of 6 well plates
containing NP exposed to Sema 3A, GFP and Ctrl media were acquired using a Plan Apochromat 20x/0,7
objective and 1x tubelens. Images (24 frames) were captured at 5 min intervals (Zeiss, Oberkochen,
Germany) in phase gradient contrast. Axonal retraction was quanti�ed by manual measuring of the
distance between the neuronal soma and the axon edge, at time 0 and after 30 and 60 min of exposure to
Sema 3A or control media, using the Zen 3.1 Software (Zeiss, Oberkochen, Germany).

All the materials used for cell culture, WB, IF and live imaging experiments are reported in supplementary
information (see Supplementary Table 2).

Statistical analysis
Data are expressed as mean ± SEM. All of the experiments were performed at least three times. The
appropriate statistical test was selected using GraphPad Prism software version 9.0 for Windows
(GraphPad Software, San Diego, CA, USA) and reported in the legend for each �gure.
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Figures

Figure 1

Sema 3A overexpression induces axonal cone retraction and an increased dendritic arborization in
neurons after four days in culture.

(A) IF analysis with Ank G (green) and β-III Tubulin (red) markers of neurons transfected with: Sema 3A-
GFP (Sema 3A); Sema 3A siRNA (siSema 3A); Npn 1 siRNA (siNpn 1); and Sema 3A-GFP + siNpn 1 (Sema
3A + siNpn 1). As controls, we used neurons transfected with GFP empty vector (GFP) or not transfected
(Ctrl). Scale bar: 10µm. 40x objective. Skeleton mask is reported in (B)

(C) Axonal length was assessed by Neuron J plug-in. Data are the mean ± SEM of three independent
experiments in triplicate (approximately 100 neurons). One-way ANOVA followed by Tukey’s test for
multiple comparisons. *P<0.05; **P<0.01; ****P<0.0001.

(D) IF analysis with MAP-2 marker (red). Scale bar: 50µm. 40x objective.

(E) Sholl analysis was performed by Neuroanatomy plug-in of ImageJ software on MAP-2-stained
neurons. Data represent the number of dendritic branches at a given distance from the soma (1 µm-radius
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interval) and are the mean ± SEM of three independent experiments in triplicate. Two-way ANOVA
followed by Tukey’s test for multiple comparisons. *P<0.05 vs Ctrl and #P<0.05 vs Sema 3A + siNpn 1.
See also Supplementary Table 2 for single value analysis.

(F) Dendritic branches were clustered according to Strahler orders’ classi�cation using Neuroanatomy
plug-in of ImageJ software. At least 10 neurons were analysed in each slide. Experiments were replicated
three times in triplicates. Two-way ANOVA followed by Tukey’s test for multiple comparison. **P<0.01;
***P<0.001; ****P<0.0001.  

Figure 2

Sema 3A activates the microglia proin�ammatory phenotype 48 h after transfection.

(A) Representative immuno�uorescence pictures of the percentage of microglia cells transfected with
Sema 3A-GFP (Sema 3A) or GFP empty vector (GFP). As control, we used not transfected microglia cells
(Ctrl). Scale bar: 55µm. 10x objective.

(B) ELISA assay on media from Sema 3A, GFP and Ctrl microglia 48 h after transfection. Sema 3A levels
were expressed as ng/ml and normalized on the number of alive cells (mean from 10 different �elds) for
each experimental point. Data are the mean of three different experiments performed in triplicate.
****P<0.0001 vs Sema 3A media.

(C) Extent of cell survival obtained by counting the number of DAPI positive nuclei before and after Sema
3A transfection as well as in GFP and Ctrl microglia. Data are the mean ± SEM of three independent
experiments in quadruplicate. One-way ANOVA followed by Tukey’s test for multiple comparisons.
****P<0.0001 vs Sema 3A.

(D) Quantitative analysis of TMEM 119, Iba1, CD86, CD68, and (E) iNOS and TNFα positive cells. MFI was
performed on the entire slide using Zeiss Celldiscoverer7. Values are normalized on the number of DAPI
positive cells for each slide and expressed as % of Ctrl. Data are the mean ± SEM of three independent
experiments performed in quadruplicate. One-way ANOVA followed by Tukey’s test for multiple
comparisons. *P<0.05; **P<0.01; ***P<0.001. Representative images of iNOS (red) and TNFα (red) and
Sema 3A or GFP (green) staining are reported in (F). Scale bar: 10µm. 63x objective.

Figure 3
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Media from microglia overexpressing Sema 3A cause axonal retraction and increase dendritic
arborization in NP within an hour of exposure.

(A) Representative Ank G (green) and β-III tubulin (red) staining analysis of NP after 60 min and 180 min
exposure to media from microglia overexpressing Sema 3A (Sema 3A), or GFP empty vector (GFP) or not
transfected microglia (Ctrl). Scale bar: 50µm. Figures were acquired by 40x objective and cropped in order
to visualize each single neuron. The corresponding axonal length measure is reported in (B). Analyses
were performed using Neuron J plug-in. Data are the mean ± SEM of four independent experiments
performed in duplicate (approximately 10 neurons for each slide). One-way ANOVA followed by Tukey’s
test for multiple comparisons. *P<0.05; ****P<0.0001. Representative MAP-2 staining is shown in (C).

(D) Dendritic branches’ measurements (Sholl analysis) of NP exposed to media from Ctrl, Sema 3A and
GFP microglia. Scale bar: 10µm. Data are the mean ± SEM of three independent experiments performed
in duplicate (approximately 10 neurons for each slide). Analyses were performed using Neuroanatomy
plug-in of ImageJ software. Two-way ANOVA followed by Tukey’s test for multiple comparisons. *P<0.05
vs Ctrl.

(E) Dendrites’ clustering analysis according to Strahler's order. Analyses were performed using
Neuroanatomy plug-in of Image J software. Data are the mean ± SEM of three independent experiments
performed in duplicate (approximately 10 neurons for each slide). Two-way ANOVA followed by Tukey’s
test for multiple comparisons. *P<0.05; **P<0.01; ***P<0.001: ****P<0.0001. 

Figure 4
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NP exposed to media from microglia overexpressing Sema 3A cover a larger distance than controls and
activate a neuroin�ammatory pathway.

(A) Representative picture of neuronal survival 60 min and 180 min after Sema 3A media exposure. Scale
bar: 20µm. The quantitative analysis of DAPI positive nuclei is reported in (C). Data are the mean ± SEM
of three independent experiments performed in triplicate. One-way ANOVA followed by Tukey’s test for
multiple comparisons. ***P<0.001; ****P<0.0001.

(B) Representative contrast microscopy images of axonal retraction extracted from live imaging analysis
(see supplementary materials live imaging) in NP 30 and 60 min after Sema 3A, Ctrl, and GFP media
exposure. Scale bar: 20µm.

(D) Covered distance of NP 60 min after Sema 3A media exposure as well as GFP or control microglia
media calculated from live imaging analysis. N=15 Two-way ANOVA followed by Tukey’s test for multiple
comparisons. **P<0.01.

TNFα (E) and iNOS (F) WB analyses on NP after 60 min exposure to Sema 3A, GFP or Ctrl microglia
media. Figure is representative of six different experiments. Optical density (OD) analysis is reported
below. Data are mean ± SEM of six different experiments and are expressed as % of Ctrl. One-way ANOVA
followed by Tukey’s test for multiple comparisons. *P<0.05; **P<0.01 vs Sema 3A.

Figure 5
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Fyn-CDK5 pathway is activated in NP 60min after exposure to media from microglia overexpressing
Sema 3A.

(A) Cartoon summarizing the proposed Sema 3A downstream pathway in NP exposed to Sema 3A media
for 60 min.

Representative WB analyses of Fyn pTyr420 and Fyn (B), CDK5 pTyr15 (C) and CDK5/p35 (D) as well as
of the correspondent  b-actin. OD analysis is reported on the right. Fyn, p35/CDK5 and CDK5 pTyr15 OD
values were normalized to b-actin and expressed as a percentage of Ctrl. Fyn pTyr420 levels were
calculated as a ratio of Fyn pTyr420 relative to the corresponding Fyn OD values (Fyn pTyr420/Fyn). N=3.
One-way ANOVA followed by Tukey’s test for multiple comparisons. *P < 0.05; **P < 0.01. 

Figure 6

Axonal retraction and Fyn Tyr420 phosphorylation is partially prevented in siPlxn A2 neurons exposed to
media from microglia overexpressing Sema 3A.

Representative WB analysis of Plxn A2 (A) or Fyn pTyr420 and Fyn (B), and of the correspondent β actin.
OD analysis is reported on the right. Fyn pTyr420 levels were calculated as a ratio of Fyn pTyr420 relative
to the corresponding Fyn OD values normalized to β actin (Fyn pTyr420/Fyn). N= 3. One-way ANOVA
followed by Tukey’s test for multiple comparisons. *P < 0.05.
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