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BDNF-dependent nano-organization of Neogenin
and the WAVE regulatory complex promotes
actin remodeling in dendritic spines

Belal Shohayeb,! Kai Sempert,’ Tristan P. Wallis,'? Frédéric A. Meunier,’?2 Nela Durisic,' Elizabeth A. O'Brien,’
Cecilia Flores,*>¢ and Helen M. Cooper'-/-*

SUMMARY

Synaptic structural plasticity, the expansion of dendritic spines in response to synaptic stimulation, is
essential for experience-dependent plasticity and is driven by branched actin polymerization. The
WAVE regulatory complex (WRC) is confined to nanodomains at the postsynaptic membrane where it cat-
alyzes actin polymerization. As the netrin/RGM receptor Neogenin is a critical regulator of the WRC, its
nanoscale organization may be an important determinant of WRC nanoarchitecture and function. Using
super-resolution microscopy, we reveal that Neogenin is highly organized on the spine membrane at
the nanoscale level. We show that Neogenin binding to the WRC promotes co-clustering into nanodo-
mains in response to brain-derived neurotrophic factor (BDNF), indicating that nanoclustering occurs in
response to synaptic stimulation. Disruption of Neogenin/WRC binding not only prevents BDNF-medi-
ated actin remodeling but also inhibits BDNF-induced calcium signaling. We conclude that the assembly
of Neogenin/WRC nanodomains is a prerequisite for BDNF-mediated structural and synaptic plasticity.

INTRODUCTION

Synaptic structural plasticity, the ability of the dendritic spine to undergo morphological changes in response to synaptic stimulation is an
essential determinant of synaptic strength.'™ Actin remodeling is the driving force for spine enlargement during spinogenesis and experi-
ence-dependent plasticity.**~'° During the induction of long-term potentiation (LTP), the cellular correlate of learning and memory, actin syn-
thesis rapidly increases spine volume independent of protein synthesis, whereas LTP consolidation requires actin polymerization and mRNA
translation.>”'" Brain-derived neurotrophic factor (BDNF) is a pivotal regulator of structural and functional synaptic plasticity and is released
from both the pre- and postsynaptic compartments of excitatory synapses in response to synaptic activation.''*~'® Sustained BDNF signaling
via the TrkB receptor is necessary for LTP induction and maintenance as it activates multiple signaling pathways and promotes actin remod-
eling."'#"%1¢8 Currently, however, we have little insight into the factors that control actin regulators in the spine, especially with respect to
those acting downstream of BDNF.

The dynamic actin pool is situated adjacent to the postsynaptic density (PSD) and comprises a dense network of branched actin which
seeds F-actin growth. The Arp2/3 enzymatic complex, an inefficient actin nucleator, catalyzes branched actin polymerization and is activated
by the pentameric WAVE regulatory complex (WRC).'”? In spines, the WRC subunit Cyfip1 also acts as a translational repressor where it
binds the translation initiation factor, EIFAE, and the fragile X protein (FMRP) preventing translation of FMRP-bound mRNAs.'*?42 BDNF
reinforces synaptic strength by ensuring that actin polymerization and protein synthesis are spatiotemporally coordinated. In the early phase
of LTP, BDNF promotes protein synthesis in an activity-dependent manner by initiating the dissociation of Cyfip1 from the EIFAE-FMRP com-
plex thereby relieving translational repression.’®?*~?® The subsequent incorporation of Cyfip1 into the WRC facilitates actin remodeling.

With the advent of super-resolution microscopy, it is now clear that the nanoscale organization of ion channel subunits and signaling mol-
ecules at the PSD is dynamically regulated. The nanoscale alignment of presynaptic glutamate release sites with postsynaptic ion channels
(trans-synaptic nanocolumns) is believed to underly efficient synaptic transmission.”’ ° It is not surprising then that tight spatiotemporal con-
trol of postsynaptic actin regulators at the nanoscale level is also required for efficient actin remodeling and spine enlargement.®*' The WRC
is confined within nanodomains overlapping the PSD in close apposition to Arp2/3”" and recent studies in lamellipodia indicate that diffusion
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Figure 1. Neogenin forms nanoclusters with the WRC on dendritic spines

(A) Schematic outlines the experimental workflow.

(B and C) Endogenous Neogenin colocalizes with the WRC subunits Cyfip1 (B) and WAVET (C) on spines of hippocampal neurons expressing GFP.

(D) Super-resolution confocal microscopy (90 nm resolution) shows that Neogenin and Cyfip1 colocalize with the PSD protein PSD-95.

(E) STORM imaging (20 nm resolution): Neogenin is clustered within Cyfip1 nanodomains and also forms nanoclusters independently of Cyfip1.

(F) Percentage of Neogenin associated with Cyfip1 nanodomains (N = 53 spines) and percentage of Cyfip1 nanoclusters associated with Neogenin (N = 55
spines).

(G) Quantification of Neogenin/Cyfip1 and Neogenin-only nanocluster diameters (unpaired Student’s t test, p < 0.0001, F(46, 46) = 1.516; p = 0.1620, N = 47
spines, mean + SEM, ****p < 0.0001).

(H) Line-scan analysis of fluorescence intensities shows that Neogenin is surrounded by a ring of Cyfip1.

(I and J) Percentage of Neogenin (N = 61 spines) or Cyfip1 nanoclusters (N = 55 spines) per spine.

(K) Pearson correlation analysis of Neogenin nanoclusters/spine (red, R? = 0.55, slope = 2.38 + 0.30, F(1, 50) = 61.11, p < 0.0001) and Cyfip1 nanoclusters/spine
(green, R?=0.12, slope = 0.25 + 0.09, F(1, 50) = 6.484, p = 0.0141) correlates with increasing spine size (N = 52 spines).

(L) Pearson correlation analysis of Neogenin cluster size with increasing spine size (R? = 0.28, slope = 0.17 + 0.03, F(1, 65) = 25.34, p < 0.0001, N = 67 spines). Also
see Figures ST and S2.

trapping of the WRC into nanoscale rings is required for optimal Arp2/3 activation.*** Although many WRC interactors have been identified
in the postsynaptic compartment, the molecular mechanisms responsible for the recruitment of the WRC into these structures, especially in
the context of synaptic stimulation, are poorly understood. We propose that the Netrin/RGMa (Repulsive Guidance Molecule Receptor a),
Neogenin, is an important determinant of WRC nanoscale distribution and function.

Neogenin plays a central role in cortical development®~° and is now emerging as a critical component of the excitatory postsynaptic
apparatus regulating synaptic plasticity. Neogenin is essential for the induction and maintenance of LTP in the pyramidal neurons of the
amygdala and hippocampus and in dentate gyrus granule cell synapses.”’” Recently, we identified a pivotal role for Neogenin in promoting
spine enlargement.”® We demonstrated that Neogenin binding to the WRC via its cytoplasmic WRC interacting receptor sequence (WIRS)
facilitates Arp2/3-dependent branched actin polymerization.”® This observation suggests that the coordinated sequestration of Neogenin
and the WRC into nanoclusters at the PSD may be an important regulatory mechanism driving structural plasticity. However, the mechanisms
governing Neogenin and WRC nanoscale organization and behavior on the postsynaptic membrane in response to synaptic stimulation have
not been explored. We now test the hypothesis that BDNF-mediated synaptic stimulation promotes the partitioning of Neogenin and the
WRC into nanoscale structures, thereby ensuring efficient actin polymerization at the PSD.

RESULTS
Neogenin forms nanoclusters with the WRC on dendritic spines

To investigate the spatial relationship between Neogenin and the WRC on spines, cultured excitatory hippocampal neurons from day 18.5
mouse embryos were transfected with GFP at day 12 in vitro (DIV12) (Figures 1A and S1A). Neurons were then fixed at DIV14 and immunola-
belled for Neogenin, Cyfip1 and WAVE1. Neogenin and the WRC subunits were found to be concentrated in spines and were also present on
the dendritic shaft (Figures 1B, 1C, and S1B). Colocalization maps revealed extensive overlap between Neogenin and both Cyfip1 and WAVE1
in spine heads and high-resolution confocal microscopy (90 nm resolution, Figure 1D) demonstrated that Cyfip1 and Neogenin were tightly
associated with the PSD marker, PSD-95. Super-resolution stochastic optical reconstruction microscopy (STORM) imaging of spines (20 nm
resolution, Figure 1E) further revealed that Neogenin exists on the spine membrane in two distinct nanostructures. Seventy-seven percent
of nanoclusters had a mean diameter of 60 nm and contained several Neogenin molecules per cluster (Figures 1F, 1G, S1C, and S1D). The re-
maining 23% of clusters (mean diameter 100 nm) were enclosed within larger Cyfip1 nanodomains (Figures 1E-1G and S1E). Line-scan analysis
of fluorescence intensities confirmed that Neogenin clusters were surrounded by a ring of Cyfip1 with a mean diameter of 182 nm (distance
between Cyfip1 intensity peaks, Figure TH). This is in line with previous studies reporting that the WRC subunits Abi1 and Nckap1 form
122-248 nm nanodomains at the PSD and that the WRC forms 230 nm ring-like structures in lamellipodia.®'*? In addition, a second population
of Cyfip1 nanodomains (57%) was not associated with Neogenin (Figure 1F). Although the number of Neogenin clusters per spine varied, 47%
of spines contained 6-10 Neogenin clusters (Figure 11). In contrast, the majority of spines contained only one Cyfip1 cluster (Figure 1J). Further-
more, the number of Neogenin nanoclusters increased with increasing spine size (Figure 1K). There was also a significant but weaker correlation
between Cyfip1 cluster number and spine size. We also observed that the ratio of larger (= 100 nm) to smaller Neogenin nanoclusters (<100 nm)
scaled with increasing spine size (Figure 1L). These observations correlate well with previous studies reporting that most spines contain one to
four PSD-95 nanodomains and that the number of nanodomains scales with spine size.”’**** Together these findings establish that Neogenin
is highly organized at the nanoscale level where a subpopulation of receptors is tethered within WRC nanodomains on the spine membrane.

The WIRS motif found in the Neogenin cytoplasmic domain binds to the highly conserved Cyfip1/Abi1 surface which forms only when the
WRC is fully assembled.'”*>*¢ To demonstrate that the Neogenin-WRC interaction takes place on the spine, we employed the proximity liga-
tion assay (PLA), an antibody-based assay that detects protein-protein interactions represented by fluorescent puncta. We transfected cDNAs
encoding Neogenin (Neo) or NeoAWIRS carrying mutations in the WIRS motif (Figure S2A) into DIV12 hippocampal neurons and performed
the assay two days later. We observed no significant difference in the levels of Neo or NeoAWIRS expression in spines (Figure S2B). A 2.6-fold
decrease in the frequency of Neogenin/Cyfip1 puncta was observed for NeoAWIRS compared to wildtype Neo (Figure S2C), confirming that
the Neogenin WIRS motif binds the WRC in spines.
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Figure 2. Neogenin mobility is confined within spines compared to shafts

(A) Schematic outlines the experimental workflow.

(B) Representative image of GFP epifluorescence in hippocampal neurons cotransfected with Neo shRNA and Neo-mEos.

(C-E) (C) Neo-mEos localization intensity map (blue, higher localization intensity), (D) map of individual trajectories, and (E) diffusion coefficient map (blue, higher
mobility).

(F) Average mean squared displacement as a function of time for Neo-mEos trajectories calculated for (i) spines (red = mean) or (i) shafts (blue = mean) and (jii)
mean squared displacement for shafts versus spines.

(G) Neo-mEos mobility (Area Under the Curve, AUC) is reduced for spines compared to shafts.

(H) Frequency distribution curves for Neo-mEos diffusion coefficients [D] calculated for (i) spines (mean = red) or (ii) shafts (mean = blue) and (i) mean diffusion
coefficient frequency distribution for shafts versus spines. Dotted line: threshold value (—1.45 um?/s) segregating immobile and mobile fractions.

(I) Neo-mEos immobile fraction is increased in spines compared to shafts. (F and H) Gray lines represent single neurons. Unpaired Student's t test; (G) p < 0.0001;
F(15, 15) = 2.683, p = 0.0652, (I) p = 0.0031; F(15, 15) = 1.547, p = 0.407. (G and I) N = 16 neurons, mean + SEM, **p < 0.01, ****p < 0.0001.

(J) Neo-mEos trajectories on the spine membrane (red) are more confined compared to the shaft (blue). Also see Figure S3.

Neogenin mobility is restricted in dendritic spines compared to shafts

The aforementioned data demonstrate that Neogenin molecules are confined within nanoclusters on the spine membrane where 23% are
associated with Cyfip1 nanodomains. We therefore turned to single-particle tracking photoactivated localization microscopy (sptPALM)"
to investigate the nanoscale dynamics of Neogenin on the shaft and spine membrane of live hippocampal neurons. We employed an
RNA interference approach that efficiently inhibits Neogenin/WRC-mediated spine enlargement.** Neogenin specific shRNA (shNeo) but
not the control shRNA (shCtl) reduced Neogenin expression in HEK293T cells by greater than 80% whereas RNAi-resistant Neogenin (fused
at the C-terminus to mEos3.1, Neo-mEos) and NeoAWIRS-mEos were not affected (Figures S3A and S3B). We have previously reported a 50%
reduction in Neogenin after shNeo knockdown.*? During spine morphogenesis thin spines convert to mature mushroom spines™**>°— a
process dependent on Neogenin/WRC-mediated branched actin polymerization.”® To demonstrate that loss of Neogenin prevents spine
enlargement hippocampal neurons were transfected with Neo-mEos and shNeo or shCtl at DIV12. Spine size was then assessed at DIV14.
As previously shown,”? shRNA depletion of Neogenin resulted in a 52% reduction in mature mushroom spines whereas Neo-mEos restored
the number of mushroom spines to control levels (Figures S3C and S3D), demonstrating that the Neo-mEos fusion protein is fully functional.

To assess Neogenin nanoscale mobility on spines and shafts neurons were cotransfected at DIV12 with GFP, shNeo, and Neo-mEos (Fig-
ure 2A). At DIV14 Neo-mEos was stochastically photoconverted from green to red using 405 nm illumination at low spatial density and photo-
converted molecules were tracked using a 561 nm laser. Sequences of sparsely photoconverted molecules were acquired at 50 Hz for 500 s
(25,000 frames) which allowed the localization and tracking of single trajectories on individual spines and shafts. In agreement with our STORM
imaging, super-resolved single-molecule localization intensity and trajectory maps (Figures 2B-2D) revealed that Neo-mEos trajectories were
localized to clustered domains on the spine whereas Neo-mEos was more diffusely distributed throughout the dendritic shaft. To compare
the extent of Neo-mEos lateral diffusion the average mean squared displacement of Neo-mEos trajectories on the plasma membrane was
calculated (Figure 2F). The area under the curve was then used to statistically compare the mean squared displacements (Figure 2G). This
analysis revealed that the mobility of Neo-mEos molecules was reduced by 31.8% in spines relative to shafts. The frequency distribution
of the diffusion coefficients from all neurons was also calculated and a spatial map of the diffusion coefficients generated in PALM-Tracer
(Figure 2E). The mean distribution of Neo-mEos between the mobile and immobile fractions was then determined from the
Logodiffusion coefficient threshold (—1.45 um?/s)°! (Figure 2H). A significant shift to the left was observed for the spine frequency distribution
curve relative to that for shafts, indicating that Neo-mEos diffusivity was reduced in spines compared to shafts. In addition, a 1.3-fold increase
in the proportion of Neo-mEos molecules confined to the immobile fraction was seen in spines relative to shafts (36.5% versus 27.8% respec-
tively, Figure 21). Therefore, our data indicate that Neogenin lateral diffusion is markedly reduced on the spine membrane compared to the
dendritic shaft (Figure 2J).

BDNF induces WRC-dependent Neogenin nanoclustering in spines

BDNF increases Cyfip1 availability in the spine and thus WRC formation at the PSD.?**> As Neogenin co-clusters with Cyfip1 in the spine head,
we next determined whether BDNF promotes the incorporation of Neogenin and Cyfip1 into the PSD. High-resolution confocal colocalization
maps (Figures 3A-3C) revealed that the addition of BDNF to neuronal cultures resulted in a 27% increase in the number of endogenous Neo-
genin and Cyfip1 clusters associated with the PSD-95 domain (Figures 3D and 3E). This suggests that BDNF regulates the nanoarchitecture of
Neogenin and the WRC at the PSD.

To investigate whether Neogenin nanoscale dynamics is influenced by BDNF sptPALM was performed on hippocampal spines after
shRNA depletion of Neogenin (Figure 4A). We also investigated whether Neogenin incorporation into WRC nanodomains was dependent
on its interaction with the WRC by rescuing with either Neo-mEos or NeoAWIRS-Eos. Super-resolved single-molecule localization intensity,
trajectory and diffusion coefficient maps were generated (Figures 4B-4E) and the mean squared displacement (Figure 4F), the area under the
curve (mobility, Figure 4G) and the immobile fraction (Figure 4H) derived for each. The addition of BDNF promoted a 19% decrease in mobility
(Figures 4F and 4G) and a 27% increase in the immobilized fraction (Figure 4H) of Neo-mEos above control levels but had no effect on Neo-
AWIRS-mEos mobility, indicating that BDNF enhances the confinement of Neogenin on the spine membrane in a WRC-dependent manner.
WRC-mediated diffusion trapping of Neogenin also occurred in the absence of BDNF, albeit with reduced efficacy. Relative to Neo-mEos, a
significant 1.2-fold increase in NeoAWIRS-mEos mobility (Figures 4F and 4G) coupled with a non-significant reduction (16%) in the immobile
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Figure 3. BDNF increases Neogenin/Cyfip1 association with the postsynaptic density

(A) Immunolabelling was performed in hippocampal neurons expressing GFP before and after BDNF treatment. Images were captured using the super-
resolution Airyscan 2 microscope.

(B and C) Representative images of GFP (gray), Cyfip1 (green), Neogenin (yellow) and PSD-95 (magenta) in spines in BDNF untreated (B) and treated (C) neurons.
(D and E) Quantification of (D) Neogenin clusters and (E) Cyfip1 clusters associated with PSD-95 +/— BDNF. Unpaired Student's t test: (D) Neo only, p < 0.0001;
F(80, 74) = 1.817, p = 0.0099; Neo+PSD-95, p < 0.0001; F(74, 80) = 1.968, p = 0.0032, (E) Cyfip1 only, p < 0.0001; F(80, 74) = 1.817, p = 0.0099; Cyfip1+PSD-95,
p < 0.0001; F(74, 80) = 1.968, p = 0.0032. N = 75-81 spines, 11 neurons/condition, mean + SEM, **p < 0.01, ****p < 0.0001.

fraction (Figure 4H) was observed in the absence of BDNF. We conclude that efficient Neogenin trapping into WRC nanodomains on the
spine membrane is mediated by its interaction with the WRC and is facilitated by BDNF. In contrast, similar analysis on dendritic shafts showed
that Neogenin diffusivity was not reduced by its interaction with the WRC or exposure to BDNF as no differences were observed in the mean
squared displacement (Figure 4l), the area under the curve (Figure 4J) or the immobile fraction (Figure 4K).

The aforementioned observations demonstrate that BDNF promotes diffusion trapping of Neogenin into WRC nanodomains. To deter-
mine how BDNF influences Neogenin nanocluster organization in time and space we employed nanoscale spatiotemporal indexing clus-
tering (NASTIC).>? Analysis of clustered trajectories revealed that Neo-mEos nanoclusters were present on the spine membrane at a mean
density of 0.5 clusters/um? (Figures 5A-5C). BDNF significantly increased the cluster density by 1.4-fold which was dependent on WRC bind-
ing as the NeoAWIRS-mEos cluster density was reduced by 75% (Figure 5C). BDNF also increased the number of Neo-mEos molecules de-
tected/cluster (cluster membership) (Figure 5D) and prolonged the apparent lifetime of Neo-mEos nanoclusters by 1.2-fold (Figure 5E). It
should be noted that the BDNF-induced increase in cluster membership was not due to the merger of smaller clusters as the cluster radius
was not influenced by BDNF (Figure 5F). In comparison to Neo-mEos, NeoAWIRS-mEos cluster membership and lifetime were markedly
reduced in the presence of BDNF (22.4%, and 31.8% respectively) (Figures 5D and 5E). We conclude that in response to BDNF stimulation,
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Figure 4. BDNF induces WRC-dependent diffusion trapping of Neogenin on spines

(A) sptPALM was performed on hippocampal spines after shRNA depletion of Neogenin and rescue with either Neo-mEos or NeoAWIRS-mEos.

(B-E) Neo-mEos (B and D) and NeoAWIRS-mEos (C and E) trajectory maps, localization intensity maps (blue, higher localization intensity) and diffusion coefficient
maps (blue, higher mobility) in untreated (B and C) or BDNF-treated (D and E) cultures.

(F-K) Quantification of the average mean squared displacement as a function of time (F and 1), mobility (area under the curve) (G and J) and immobile fraction
(H and K) for spines (F-H) and shafts (I-K). Two-way ANOVA, Tukey's post hoc test: (G) F1(17, 36) = 1.077, p = 0.4098; F2(3, 26) = 11.00, p < 0.0001, (J) F1(19, 34) =
1.064, p = 0.4247; F2(3, 34) = 1.345, p = 0.2761, (H) F1(17, 36) = 1.231, p = 0.2910; F2(3, 26) = 10.38, p < 0.0001, (K) F1(18, 35) = 1.711, p = 0.0851; F2(3, 35) = 3.075,
p = 0.0402. (F-K) N = 13-16 neurons, mean + SEM, *p < 0.05, **p < 0.01, ****p < 0.0001.

Neogenin is recruited into WRC nanodomains by diffusion trapping through its interaction with the WRC, and that the stability of the
Neogenin-WRC nanoclusters is facilitated by BDNF. This further suggests that Neogenin/WRC nanodomain formation is governed by the
availability of Cyfip1 which is released from the FMRP complex in response to BDNF. Neogenin binding to the WRC without BDNF treatment
reduced Neo-mEos mobility (Figure 4). However, this interaction alone was not sufficient to promote the formation of Neo-mEos/WRC nano-
clusters (Figures 5C-5E), suggesting that BDNF also activates other molecular pathways that influence Neogenin/WRC nanoarchitecture.

In line with our observation that Neogenin diffusivity on shafts was not affected by its interaction with the WRC or the addition of BDNF
(Figures 41-4K), the Neo-mEos nanocluster density on shafts (0.2 clusters/um?) was 2.8-fold lower than on spines and was not affected by
BDNF or disruption to WRC binding (Figure 5G). This provides strong evidence that the formation of Neogenin/WRC nanodomains occurs
specifically in spines.

Neogenin promotes nanoclustering of a WRC subpopulation on spines

The aforementioned findings demonstrate that Neogenin is recruited into WRC domains via its interaction with the WRC. To test the pos-
sibility that, conversely, Neogenin influences WRC nanoscale behavior we again turned to sptPALM where we replaced endogenous Cyfip1
with Cyfip1-mEos after shRNA Cyfip1 depletion (shCyfip1). Previous studies have demonstrated that the fusion of GFP to the Cyfip1
C-terminus does not affect WRC function.”® shCyfip1 reduced endogenous Cyfip1 by 50% in the NE-C4 neuroepithelial cell line
(Figures S4A and S4B). Similarly, shCyfip1 reduced Cyfip1 expression in hippocampal soma by 50% (Figure S4C) and in thin and mushroom
spines by 35% (Figures S4D and S4E). Furthermore, after rescue with Cyfip1-mEos, Cyfip1 protein levels were restored to endogenous
levels in both mushroom and thin spines (Figures S5A-S5C) where Cyfip1-mEos colocalized with endogenous WAVE1 and Neogenin
(Figures S5D and S5E). As the Neogenin WIRS motif binds to the WRC only when the full pentameric complex is assembled,’”**¢ and
the vast majority of Cyfip1 is associated with the WRC after BDNF exposure,”"” we used Cyfip1-mEos as a proxy for the WRC in these
experiments.

Initially, we compared Cyfip1 nanoscale dynamics on spines and shafts after cotransfection of shCyfip1, Cyfip1-mEos, and shNeo or shCtl
(Figure S6A). Cyfip1-mEos trajectory, intensity and diffusion coefficient maps were then generated (Figures S6B-S6E). As seen for Neogenin,
the molecular displacement over time (Figure S6F) and the area under the curve (mobility, Figure S6G) indicated that Cyfip1-mEos mobility
was reduced by 30% in spines relative to shafts. The shift to the left for the diffusion coefficient frequency distribution curve (Figure SéH) and
the 1.3-fold increase in the number of Cyfip1-mEos molecules associated with the immobile fraction (spines, 56%; shafts, 44%, Figure Sél)
confirmed that Cyfip1-mEos mobility was reduced in spines. These data therefore show that, like Neo-mEos, Cyfip1-mEos is more confined
at the spine membrane (Figure S6J).

We have shown that BDNF promotes the trapping of Neogenin receptors into nanodomains in a WRC-dependent manner. Therefore,
conversely, Neogenin may influence WRC nanoscale mobility and organization at the spine membrane. Cyfip1-mEos super-resolved intensity,
trajectory and diffusion coefficient maps were generated after cotransfection of shCyfip1, Cyfip1-mEos along with shNeo or shCtl (Figures 6A-
6E). Following BDNF treatment, a significant increase in Cyfip1-mEos mobility (1.3-fold) (Figures 6F and 6G) coupled with a reduction (16%) in
the immobile fraction (Figure 6H) was observed in Neogenin depleted spines, indicating that Neogenin contributed to the confinement of
Cyfip1-mEos subunits within nanodomains. A similar trend was noted without BDNF treatment. In contrast to the spine, BDNF significantly
increased the mobility (Figures 6l and 6J) and decreased the immobile fraction of Cyfip1-mEos in shafts (Figure 6K). However, this effect was
not dependent on Neogenin-WRC interactions, suggesting that BDNF acts through a different pathway in shafts.

To gain further insight into the spatiotemporal parameters underlying Cyfip1-mEos nano-organization in the spine, we again used
NASTIC analysis. Although BDNF failed to decrease Cyfip1-mEos mobility below control levels (Figures 6F-6H), the addition of BDNF
markedly increased Cyfip1 nanocluster density (4.3 clusters/um?, 1.3-fold increase; Figures 7A-7C). This effect was reversed by Neogenin
depletion (2.1 clusters/um?, 52% decrease; Figures 7B and 7C). However, as Cyfip1-mEos cluster membership was not influenced by BDNF
or the depletion of Neogenin (Figures 7D-7F), it is likely that other WRC-binding partners are also necessary for WRC nanodomain for-
mation and stability in the spine. As seen for Neo-mEos, neither loss of Neogenin nor the addition of BDNF significantly influenced clus-
tering on shafts (Figure 7G). Together, these observations demonstrate that Neogenin is required for the formation of WRC nanoclusters
specifically in spines.

Neogenin-WRC interactions are required for BDNF-induced actin polymerization and calcium signaling

BDNF facilitates actin remodeling through the redistribution of Cyfip1 from FMRP to the WRC at the spine membrane.'®*?> We therefore
assessed whether BDNF-mediated actin polymerization was dependent on Neogenin-WRC interactions using FRAP (fluorescence recovery
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Figure 5. BDNF induces WRC-dependent Neogenin nanoclustering on spines

(A) NASTIC analysis of hippocampal spines after shRNA depletion of Neogenin and rescue with either Neo-mEos or NeoAWIRS-mEos.

(B) Representative images of the distribution of Neo and NeoAWIRS trajectories and nanoclusters (outlined in color) in BDNF untreated and treated neurons.
(C-G) BDNF induces nanoclustering in spines (C-F) but not shafts (G). Quantification of cluster density (C and G), cluster membership (D), cluster lifetime (E),
and cluster radius (F). Two-way ANOVA, Tukey's post hoc test: (C) F1(18, 34) = 1.546, p = 0.1336; F2(3, 34) = 8.752, p = 0.0002, (G) F1(17, 27) = 0.9043, p =
0.5765; F2(3, 27) = 0.2020, p = 0.8941, (D) F1(367, 379) = 1.189, p = 0.0478; F2(3, 379) = 5.564, p = 0.0010, (E) F1(359, 384) = 1.130, p = 0.1198; F2(3, 384) =
4.498, p = 0.0041, (F) F1(371, 388) = 1.169, p = 0.0638; F2(3, 388) = 1.065, p = 0.3640. (C and G) N = 13-14 neurons. (D-F) Neo (N = 6,947 trajectories, 286
clusters), NeoAWIRS (N = 3,383 trajectories, 99 clusters), Neo + BDNF (N = 6,840 trajectories, 255 clusters) and NeoAWIRS + BDNF (N = 4,709 trajectories,
114 clusters). (C-G) Mean + SEM, *p < 0.05, **p < 0.01, ***p < 0.001.

after photobleaching). shRNAs and the Neo constructs (without mEos) were transfected into DIV12 hippocampal neurons along with LifeAct-
RFP (Figure 8A). BDNF was applied at DIV14, spines were then photobleached and LifeAct-RFP fluorescence recovery monitored for 150 s.>
As expected, the addition of BDNF increased the pool of stable actin (stable fraction) by 1.4-fold above control levels (Figures 8B and 8C),
confirming that BDNF enhances actin polymerization. BDNF-induced polymerization was significantly reduced (44%) in shNeo-expressing
spines, an effect that was rescued by wild-type Neo but not NeoAWIRS (Figures 8D-8F). Neogenin depletion had no effect in the absence
of BDNF (Figures 8G and 8H). Therefore, BDNF-facilitated actin remodeling in spines requires the Neogenin-WRC interaction.

The aforementioned sptPALM and FRAP studies provide strong evidence that BDNF promotes the nanoclustering of Neogenin and the
WRC, leading to actin polymerization. This suggests that BDNF enhances Neogenin-WRC interactions. To test this, we asked whether BDNF
increased the frequency of endogenous Neogenin-WRC interactions using the proximity ligation assay. Upon the addition of BDNF, a sig-
nificant 1.3-fold increase in the number of endogenous Neogenin/Cyfip1 PLA puncta was observed in hippocampal spines (Figures S7A-S7C),
demonstrating that Neogenin-WRC interactions are indeed augmented by BDNF.

The actin cytoskeleton plays a central role in anchoring many postsynaptic receptors, including glutamate receptors, to the PSD scaf-
folding. Disruption of these interactions directly impacts postsynaptic calcium signaling.”*® It is therefore possible that perturbation of
Neogenin-WRC-mediated actin remodeling affects other BDNF signaling pathways such as the induction of calcium fluxes. To test this pos-
sibility, shRNAs and the Neo constructs were transfected into DIV12 hippocampal neurons along with the fRGECO1 calcium sensor,” and
BDNF applied at DIV14 (Figure 8l). The change in calcium fluorescence was quantified over the first 5 s post-application by expressing the
mean peak fluorescence intensity induced by BDNF relative to basal levels (AF/F0). BDNF elicited a strong calcium rise in control spines which
was reduced 3.1-fold by Neogenin depletion (Figures 8J and 8K). The BDNF-evoked transients were fully restored by Neo-mEos expression
whereas NeoAWIRS-mEos failed to reinstate the calcium response (Figures 8J and 8K). Therefore, these data demonstrate that Neogenin-
WRC interactions promote BDNF-induced calcium elevation and that blocking these interactions impedes postsynaptic calcium signaling.

DISCUSSION

Tight spatiotemporal control of actin regulators at the nanoscale level is critical for activity-dependent actin remodeling and therefore struc-
tural plasticity.®>° The WRC, a pivotal actin regulator, is confined to stable nanodomains at the postsynaptic membrane where it catalyzes
Arp2/3-mediated branched actin polymerization. Our recent demonstration that Neogenin is a key regulator of spine enlargement through
its ability to activate WRC-mediated actin polymerization®® suggests that the nanoscale organization of Neogenin is likely to be an important
mechanism governing actin remodeling and may also be a determinant of WRC nanoarchitecture. However, the nanoscale behavior of Neo-
genin has not been explored. Here, we reveal that Neogenin, is highly organized on the spine membrane at the nanoscale level. We demon-
strate that Neogenin binding to the WRC promotes Neogenin/WRC nanodomain assembly. Importantly, we show that nanodomain forma-
tion is regulated by BDNF, indicating that nanoclustering occurs in response to synaptic stimulation. Finally, we show that the Neogenin-WRC
interaction facilitates BDNF-mediated actin remodeling and induction of calcium signaling, suggesting that the assembly of Neogenin/WRC
nanodomains is a prerequisite for BDNF-mediated structural and synaptic plasticity.

Nanoscale alignment of presynaptic glutamate release sites with postsynaptic ion channels and associated PSD scaffold proteins (trans-
synaptic nanocolumns) underlies efficient synaptic transmission.””?**%>” We demonstrate using super-resolution microscopy that Neogenin
is confined within two distinct nanocluster populations where 23% of clusters are encircled by ring-like WRC nanodomains. The clustering of
Neogenin and the WRC into nanodomains was confirmed by single-particle tracking which demonstrated that Neogenin nanocluster density
and stability were dependent on the interaction between Neogenin’s cytoplasmic WIRS motif and the WRC. Similarly, the density of WRC
nanodomains was found to be dependent on the presence of Neogenin. The functional relevance of the Neogenin-WRC interactions was
substantiated by the demonstration that mutations in the WIRS motif prevented actin polymerization in the spine. Simple ground rules
are now emerging for the nanoscale behavior of PSD-resident proteins. On average, up to four PSD-95 or glutamate receptor nanomodules
are observed on the spine membrane, where an increase in nanomodule number but not size is correlated with increased synaptic
strength.””?%*> We found that Neogenin exhibited similar nanoscale behaviors, suggesting that Neogenin-WRC nanoclusters may partici-
pate in trans-synaptic nanocolumns. The number of Neogenin and WRC nanodomains was found to scale with increasing spine size and
BDNF stimulation increased the density but not the diameter of nanodomains. We therefore conclude that Neogenin is tethered within
WRC nanodomains where it is perfectly positioned to regulate WRC-mediated actin polymerization at the PSD.

What then are the molecular events driving the clustering of Neogenin and the WRC into a single nanodomain? Diffusion trapping, the
capture of diffusing molecules by binding partners, is an important mechanism determining synaptic nanoarchitecture.””*® BDNF was found
to decrease the mobility of Neogenin on the postsynaptic membrane, promote its incorporation into nanoclusters, and increase cluster
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Figure 6. WRC diffusion trapping is dependent on Neogenin in spines

(A) sptPALM was performed on hippocampal spines after cotransfection with Cyfip1 shRNA, Cyfip1-mEos, and Neo (shNeo) or control shRNA (shCtl).

(B-E) (B and D) shCtl and (C and E) shNeo trajectory maps, localization intensity maps (blue, higher localization intensity) and diffusion coefficient maps (blue,
higher mobility) in untreated (B and C) or BDNF-treated (D and E) neurons.

(F-K) Quantification of the average mean squared displacement as a function of time (F and ), mobility (area under the curve) (G and J), and immobile fraction
(H and K) for spines (F-H) and shafts (I-K). Two-way ANOVA, Tukey's post hoc test: (G) F1(18, 28) = 0.9875, p = 0.4992; F2(3, 28) = 6.017, p = 0.0027, (J) F1(15, 31) =
1.980, p = 0.0528; F2(3, 31) = 4.538, p = 0.0095, (H) F1(18, 28) = 0.6421, p = 0.8351; F2(3, 28) = 2.882, p = 0.0535, (K) F1(15, 31) = 1.989, p = 0.0518; F2(3, 31) = 3.765,
p = 0.0205. (F-K) N = 11-14 neurons, mean + SEM, *p < 0.05, **p < 0.01. Also see Figures S4-S6.

density and longevity — nanoscale behaviors that were not observed for the WIRS mutant. These observations provide compelling evidence
thatin the presence of BDNF, Neogenin undergoes diffusion trapping via its WIRS motif, leading to the formation of stable co-clustered nano-
domains. In contrast, no increase in Neogenin/WRC nanodomain density was observed in the absence of BDNF. BDNF ensures WRC avail-
ability at the PSD by triggering the redistribution of Cyfip1 from the FMRP translational repressor complex.'?'¢1%242557 This argues that Neo-
genin diffusion trapping is dependent on the WRC concentration at the PSD and is therefore sensitive to BDNF release from the pre- and/or
postsynaptic compartment. Neither BDNF nor mutations in the WIRS motif influenced Neogenin behavior on the shaft, indicating that
Neogenin/WRC nanoarchitecture is tightly regulated by BDNF specifically in the spine.

Given that a substantial proportion of WRC nanodomains (43%) is associated with Neogenin, we also investigated whether Neogenin in-
fluences WRC nanoscale organization. Consistent with this hypothesis, loss of Neogenin reduced Cyfip1 nanocluster density at the postsyn-
aptic membrane in the presence of BDNF. This supports the conclusion that Neogenin regulates WRC nanoarchitecture at the PSD by
anchoring a subpopulation of WRC pentamers within nanoclusters. A previous study has shown that the WRC is confined to nanodomains
overlapping the PSD in close proximity to its upstream activator Rac1 and its downstream effector Arp2/3.%" It has also been shown in fibro-
blast lamellipodia that WRC diffusion trapping into nanoscale rings is required for optimal Arp2/3 activation and that the cluster dwell time
correlates with the extent of Arp2/3-mediated actin nucleation.** However, the mechanism underlying WRC nanoscale dynamics has not been
identified. We propose that Neogenin fulfills this role in the spine. Moreover, Neogenin controls WRC activity in other neural and non-neural

¥4 suggesting that Neogenin/WRC nanoscale organization is likely to be a general mechanism regulating actin remodeling in

cell types,
many tissues.

We note that Neogenin-induced WRC clustering was less predominant when compared to WRC-mediated diffusion trapping of Neoge-
nin, indicating that other PSD proteins influence WRC nanoarchitecture and dynamics. This was substantiated by the finding that 57% of Cy-
fip1 nanodomains were not associated with Neogenin. Many postsynaptic proteins including WIRS-containing receptors and PSD scaffold
proteins are known to form complexes with the WRC.'”“° One potential candidate is the I-BAR protein IRSp53 which links the WRC to the
plasma membrane and is confined to persistent nanodomains overlapping the WRC at the PSD.*" In addition, WIRS-containing proteins
such as the Neuroligin adhesion receptors and the Shank scaffold proteins also functionally interact with the WRC at the PSD.'“°

Our finding that Neogenin-WRC binding is required for BDNF induction of calcium fluxes provides evidence that Neogenin/WRC nano-
architecture also impacts BDNF-mediated synaptic plasticity and identifies Neogenin as a downstream effector of BDNF-induced calcium
signaling. As such, these observations offer mechanistic insight into Neogenin’s role in LTP. Neogenin is required for LTP induction and main-
tenance, and its loss leads to deficits in memory retrieval and depressive-like behaviors.**! Neogenin is also essential for the induction of LTP
at the entorhinal to granule cell synapse within the dentate gyrus where it forms a trans-synaptic adhesion complex with presynaptic
neurexin-1 via its secreted ligand cerebellin-4."” We therefore propose that Neogenin/Neurexin nanocolumns couple synaptic adhesion
with WRC-mediated actin remodeling at the PSD. Neurexins also form trans-synaptic nanocolumns with their postsynaptic binding partners,
the neuroligins, to promote active zone assembly and AMPA receptor alignment with presynaptic glutamate release sites.”’*>*? Intriguingly,
neuroligin also directly binds the WRC via its WIRS motif,'”** further suggesting that Neogenin and neuroligins may coexist in the same WRC
nanodomains. We therefore propose a testable model in which Neogenin/Neurexin nanocolumns synchronize pre- and postsynaptic func-
tions, thereby coordinating the induction of structural plasticity and synaptic activation. Furthermore, many other important synaptic proteins
(the NR2B subunit of the NMDA receptor, mGIuR5 and 6, potassium voltage-gated channels, protocadherins, the DCC netrin receptor)
contain the WIRS motif.'” Therefore, the insights gained in our study identify a unique nanoscale mechanism through which these proteins
may promote structural and functional plasticity.

Limitations of the study

BDNF reinforces synaptic strength by ensuring that actin polymerization is promoted in the spine-head by increasing Cyfip1 availability and
thus WRC formation at the PSD.”**> We show that Neogenin-mediated WRC co-clustering into nanodomains is a downstream effect of BDNF
release. Our data also indicate that the nanodynamics of the WRC is modulated by other as yet unidentified interactors where 57% of WRC
clusters are not associated with Neogenin. This raises intriguing questions not addressed in our study. What is the identity of these unknown
modulators and through which postsynaptic pathways are they activated? The NR2B subunit of the NMDA receptor and the mGluR5 metab-
otropic receptor subunit possess WIRS motifs. It is therefore plausible that synaptic stimulation may directly influence WRC nanodynamics via
activation of these key ion channels. This further suggests that the relative activity of these channels may fine-tune WRC activity and actin
remodeling to ensure structural plasticity is exquisitely responsive to the postsynaptic milieu. A second intriguing finding is that 77% of Neo-
genin nanoclusters form independently of the WRC, a phenomenon specifically confined to the postsynaptic membrane. Several questions
then emerge: what is the function of these nanoclusters, which Neogenin interactors control their nanoarchitecture and what is their
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Figure 7. Neogenin promotes nanoclustering of the WRC in the presence of BDNF

(A) NASTIC analysis of hippocampal spines after cotransfection with Cyfip1 shRNA, Cyfip1-mEos, and Neo (shNeo) or control shRNA (shCtl).

(B) Representative images of the distribution of Cyfip1-mEos trajectories and nanoclusters (outlined in color) +/— BDNF.

(C-G) BDNF increases Cyfip1-mEos nanocluster density in spines (C) but not shafts (G). Quantification of cluster density (C and G), cluster membership (D), cluster
lifetime (E), and cluster radius (F). Two-way ANOVA, Tukey's post hoc test: (C) F1(13, 31) = 1.332, p = 0.2479; F2(3, 31) = 13.19, p < 0.0001, (G) F1(15, 31) = 0.4047,
p=0.9668; F2(3, 31) = 1.357, p = 0.2740, (D) F1(279, 596) = 0.8803, p = 0.8886; F2(3, 596) = 2.281, p = 0.0782, (E) F1(279, 603) = 0.9491, p = 0.6898; F2(3, 603) = 4.410,
p = 0.0044, (F) F1(279, 603) = 0.9545, p = 0.6704; F2(3, 603) = 3.880, p = 0.0091. (C and G) N = 11-13 neurons. (D-F) shCtl (N = 4,325 trajectories, 256 clusters),
shNeo (N = 2,667 trajectories, 172 clusters), shCtl + BDNF (N = 6,425 trajectories, 334 clusters) and shNeo + BDNF (N = 2,390 trajectories, 178 clusters). Mean +
SEM, *p < 0.05, **p < 0.01, ****p < 0.0001.

relationship to WRC function and nanodynamics? Answers to the aforementioned questions are required if we are to further advance our un-
derstanding of the molecular mechanisms governing structural and synaptic plasticity.
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Figure 8. Neogenin-WRC interactions are required for BDNF-induced actin polymerization and calcium signaling
(A) FRAP analysis of LifeAct-RFP-transfected hippocampal spines after shRNA depletion of Neogenin and rescue with either Neo-mEos or NeoAWIRS-mEos.

(B) Relative intensity curve showing F-actin recovery in shCtl spines before and after BDNF treatment.
C) Quantification of the stable F-actin fraction (unpaired Welch's t test, p = 0.0448; F(14, 7) = 3.996, p = 0.0726, N = 8-15 neurons).

D) Relative intensity curve after BDNF addition showing F-actin recovery in the presence of Neo-mEos but not NeoAWIRS-mEos.
E) Quantification of the stable F-actin fraction.

G) Relative intensity curve showing F-actin recovery in the presence of Neo-mEos or NeoAWIRS-mEos without BDNF.
H) Quantification of the stable F-actin fraction.

(
(
(
(F) Representative FRAP images for (D).
(
(
(

1) Schematic outlines the experimental workflow in J and K.
(J and K) Relative fluorescence intensities (AF/FO) of calcium rises in response to BDNF. One-way ANOVA, Tukey's post hoctest: (E) F = 6.385, p = 0.0008; F(3, 59) =
3.802, p=0.0147, N = 15-17 neurons, (H) F = 0.6156, p = 0.6103; F = 6.385, F(3, 30) = 0.5987, p = 0.6208, N = 8-9 neurons), (K) F = 15.39, p < 0.0001; F(3, 46) = 1.176,
p =0.3290, N = 10-15 neurons. Mean + SEM, *p < 0.05, **p < 0.01. Also see Figure S7.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Actin goat polyclonal antibody, 1:1000 WB SICGEN Cat#AB0145-200; RRID: AB_2895355

Alexa 405 conjugated donkey anti-mouse IgG antibody
Alexa 488 conjugated donkey anti-rabbit IgG antibody
Alexa 546 conjugated donkey anti-mouse IgG antibody
Alexa 568 conjugated donkey anti-goat IgG antibody
Alexa 568 conjugated donkey anti-rabbit IgG antibody
Alexa 647 conjugated donkey anti-guinea pig IgG antibody
Alexa 647 conjugated donkey anti-rabbit IgG antibody
Cyfip1 rabbit polyclonal antibody, 1:1000 WB and 1:400 IF
IRDye 680RD conjugated donkey anti-goat IgG antibody
IRDye 680RD conjugated donkey anti-rabbit IgG antibody
IRDye 680LT conjugated goat anti-mouse IgG antibody
Map2 rabbit polyclonal antibody, 1:250 for IF

Myc mouse monoclonal antibody clone 9E10, 1:1000 IF
Neogenin goat polyclonal antibody, 1:250 WB, IF
Neogenin (C-20) goat polyclonal antibody, 1:250 IF
PSD95 (6G6-1C9) mouse polyclonal antibody, 1:600
Tubulin rabbit monoclonal antibody, 1:1000 for WB

vGlut1 guinea pig polyclonal antibody, 1:600 for IF
WAVE1 mouse monoclonal antibody, 1:400 for IF

Thermo Fisher
Thermo Fisher
Thermo Fisher
Thermo Fisher
Thermo Fisher
Jackson Labs
Thermo Fisher
Upstate
LI-COR
LI-COR
LI-COR
Millipore
Sigma

R&D Systems
Santa Cruz
Abcam

Cell Signaling
Chemicon/Sigma

Biolegend

Cat#A48257; RRID: AB_2884884
Cat#A21206; RRID: AB_2535792
Cat#A10036; RRID: AB_2534012
Cat#A11057; RRID: AB_2534104
Cat# A10042; RRID: AB_2534017
Cat# 706-605-148; RRID: AB_2340476
Cat#A31573; RRID: AB_2536183
Cat#07-531; RRID: AB_390148
Cat#926-68074; RRID: AB_10956736
Cat#926-68023; RRID: AB_10706167
Cat#926-68073; RRID: AB_10954442
Cat# AB5622; RRID: AB_91939
Cat#M4439; RRID: AB_439694
Cat#AF1079; RRID: AB_2151002
Cat#sc-6536; RRID: AB_2151001
Cat#ab2723; RRID: AB_303248
Cat#2125S; RRID: AB_2619646
Cat#ab5905; RRID: AB 2301751
Cat#817901; RRID: AB_2564815

Chemicals, peptides, and recombinant proteins

Brain Derived Neurotrophic Factor (BDNF)
Catalase

Complete Protease Inhibitor Cocktail tablets, Mini EDTA-free
Duolink Probe Anti-Rabbit MINUS

Duolink Probe Anti-Mouse PLUS

Duolink Probe Anti-Goat PLUS

Doulink In Situ Reagents Orange

Glucose Oxidase

Laminin

Lipofectamine 2000

L-Glutamine

NuPAGE-gel 4-12% Bis-Tris

Poly-L-Lysine

Immobilon®-FL PVDF membrane

ProLong™ Glass Antifade Mountant

Stem Cell Technologies
Sigma
Roche
Sigma
Sigma
Sigma
Sigma
Sigma
Invitrogen
Invitrogen
Invitrogen
Invitrogen
Merck
Millipore

ThermoFisher

Cat#78133

Cat# C100-50MG
Cat#04693159001
Cat#DUO92005
Cat#DU0O92001
Cat#DU0O92003
Cat#DUO92010
Cat#G7141-50KU
Cat#23017-015
Cat#11668-019
Cat#25030081
Cat#NP0321BOX
Cat#P2636
Cat#IPFLOO010
Cat#P36980

Experimental models: cell lines

Human: HEK293T cell line
Mouse: NE-4C cell line

ATCC
ATCC

Cat# CRL-3216, RRID:CVCL_0063
Cat#CRL-2925, RRID:CVCL_B063
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Continued

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Experimental models: organisms/strains

Mouse: C57BL/6J

University of Queensland

Biological Resources

RRID:IMSR_JAX:000664

Oligonucleotides

shCtl target sequence: Sempert et al.”’ N/A
5 GTCTCCACGCGCAGTACATTT 3’

shNeo target sequence: Sempert et al.*? N/A
5 CTGAAGCTAACGGCAAGATTA 3

shCyfip1 target sequence#1: De Rubeis et al.” N/A
5" CCAGATTCTCAACGATGAAA 3

shCyfip1 target sequence#2: De Rubeis et al.,** N/A
5 CCAGATTCTCAACGATGAAAT 3’

Recombinant DNA

pCAG-EmGFP-Ctl shRNA Sempert et al.”’ N/A
pCAG-EmGFP-Neo shRNA Sempert et al."? N/A
pCAG-Cyfip1-mEos3.1+Cyfip1-shRNA#2 This paper

pCl-syn-fRGECO1 Addgene Cat #125243
pEF-FL-Neo-myc Sempert et al.*? N/A
pEF-FL-NeoAWIRS-myc Sempert et al.** N/A
pPEF-FL- Neo-mEos3.1 This paper N/A
pPEF-FL-NeoAWIRS-mEos3.1 This paper N/A

pRFPRuby-N1-Lifeact

Ojeda et al.®®

Software and algorithms

Fiji

GraphPad Prism 9.4.0
Huygens Professional
Imaris 9.9

MetaMorph, PALM-tracer
NASTIC

Neurolucida 360

Odyssey Imaging Studio

Black Zen software

National Institutes of Health
GraphPad

Scientific Volume Imaging, SVI
Oxford Instruments
Molecular Devices

Nair et al.**; Kechkar et al.*®

Wallis et al.>?

MBF Bioscience

LI-COR

Zeiss Microscopy

RRID: SCR_002285, https://fiji.sc/

RRID: SCR_002798, https://graphpad.com

RRID: SCR_014237, https://svi.nl/Huygens-
Microscopy-Analysis-Software

RRID:SCR_007370, https://imaris.oxinst.com/

RRID: SCR_002368, https://www.moleculardevices.com/
products/cellular-imaging-systems/acquisition-and-

analysis-software/metamorph-microscopytfgref

RRID: SCR_016788, https://www.mbfbioscience.com/
products/neurolucida-360

RRID: SCR_022510, https://www.licor.com/bio/
image-studio/

RRID: SCR_018163, https://www.zeiss.com/microscopy/

int/products/microscope-software/zen.html

RESOURCES AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Helen Cooper

(h.cooper@ugq.edu.au).

Materials availability

The plasmids generated in this study can be requested from the lead contact, Helen Cooper (h.cooper@ug.edu.au).
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Data and code availability
e Data: The microscopy data and other relevant data reported in this paper will be shared by the lead upon request.
e Code: This paper does not include original code.
e Additional information: Any additional information required to reanalyze the data reported in this paper will be shared by the lead upon
request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANTS

Primary hippocampal neuronal cultures were prepared from C57BL/6J embryos at embryonic day 18.5 (Lanoue et al., 2017).**“° Briefly, hippo-
campi were dissected, dissociated with trypsin (Invitrogen) (20 min, 37C) and neutralized with DMEM (Invitrogen) supplemented with 10% (v/v)
fetal bovine serum (FBS, Sigma). Dissociated neurons were plated on poly-L-lysine (Merck) and laminin (Invitrogen) coated 12 mm glass cov-
erslips (4.5 x 10* cells/well, 24 well plate), 29 mm glass bottom dishes (Cellvis, 10 x 10% cells/dish) or glass bottom 8-well chamber slides (Ibidi,
2.4 x 10* cells/well). Cultures were maintained in Neurobasal medium (Invitrogen), 2% B27-supplement (Invitrogen) and 0.5 mM L-glutamine
(Invitrogen) (37°C, 5% CO,) with 50% medium replacement every 3 days. All experiments involving animals were approved by the Anatomical
Biosciences Animal Ethics Committee of The University of Queensland (project number: 2021/AE000482) and performed in accordance with
the Australian Code of Practice for the Care and Use of Animals for Scientific Purposes.

e Human participants were not used in this study.

METHOD DETAILS

Neuronal transfection

Neurons were transfected at DIV12 in Neurobasal medium using Lipofectamine 2000 (Invitrogen) according to the manufacturer’s instruc-
tions. Neurons were transfected for 1-2 h as follows: 24-well plates, 0.75 ng DNA, 2 ul Lipofectamine 2000/well; 8-well chambers, 0.24 ng
DNA, 1 uL Lipofectamine 2000/well; 29 mm glass bottom wells, 1T pg DNA, 1 pL Lipofectamine 2000/dish. Experiments were performed be-
tween DIV14-15 post-transfection.

Constructs and shRNAs

Neogenin constructs

Full-length mouse Neogenin (6 X myc epitopes added to the C-terminus) was cloned into pCAGIG which includes an IRES-GFP sequence to
visualize neurons.®® The shRNA resistant mouse Neogenin construct was generated by mutating 4 nucleotides within the shRNA target
sequence. For the mutant NeoAWIRS construct, the WIRS motif amino acids $1314 and F1315 (NCBI: 18007) were mutated to alanine using
the QuickChange Il XL Site-Directed Mutagenesis Kit (Agilent Technologies)."**® For single-particle tracking experiments mEos3.1 was fused
in-frame to the Neogenin C-terminus. shRNAs were expressed using the BLOCK-iT RNA-Polymerase || miRNA expression vector system
(Thermo Fisher) which co-cistronically expresses Emerald GFP under the control of the CAG-promoter. In these constructs the shRNA
sequence is embedded in the 3' UTR of GFP, ensuring that the shRNAs are co-expressed with GFP. shRNA sequences™: shNeo12,
TAATCTTGCCGTTAGCTTCAG; shCtl, AAATGTACTGCGCGTGGAGAC.

Cyfip1 constructs

Mouse Cyfip1 (GenBank: NM_011370) was expressed in the BLOCK-iT RNA-Polymerase Il miRNA expression vector system where GFP in the
3" UTRwas replaced with Cyfip1-mEos. mEos3.1 was fused in-frame to the C-terminus. The shRNA resistant Cyfip1-mEos construct was gener-
ated by introducing 5 silent mutations within  the shRNA target sequence: TTcCAgATICTcAACGATGAAATC
>TTtCAaATaCTgAAtGATGAAATC with no change in amino acid sequence (FQILNDEN). shRNA sequences’: shCyfio1#1,
CCAGATTCTCAACGATGAAAT, shCyfip1#2, CCAGATTCTCAACGATGAAA.

Analysis of shRNA efficiency
HEK293T cell transfection

Cells were plated in 6-well plates (Costar) at 0.3 x 10° cells/well. On the following day, cells were transfected using Lipofectamine 2000 ac-
cording to the manufacturer’s instructions. A total of 1 png DNA and 3 plL Lipofectamine 2000/well were mixed in Opti-MEM (Invitrogen) for
20 min and then incubated with cells for 4 h. The medium was then replaced with DMEM (Invitrogen) supplemented with 10% (v/v) FBS for 48 h.

NE-C4 cell transfection

Mouse NE-C4 neuroepithelial cells were plated at 0.2 x 10°/well in 6-well plates and transfected using Lipofectamine 2000. A total of 2 ug
DNA and é ul Lipofectamine 2000/well were mixed in Opti-MEM for 20 min and then incubated with the cells for 24 h. The medium was then
replaced with DMEM (10% (v/v) FBS) for 24 h.
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Cell lysis and western blotting

Cells were lysed in RIPA buffer [150 mM NaCl (Chem-supply), 50 mM Tris-HCl pH7.5 (Amresco), 0.5% sodium deoxycholate (Sigma), 1% Triton
X-100 (Sigma), 0.1% SDS (Amresco), 50 mM NaF (Sigma), 10 mM sodium pyrophosphate (Sigma), 2mM EDTA (Chem-supply) and 2mM EGTA
(Sigma)] supplemented with Complete Inhibitors (Mini EDTA-free, Roche). Cell lysates were centrifuged at 14 x 10° g for 20 min and dena-
tured in 1% Laemmli buffer [200 mM Tris-HCI, 8% (v/v) SDS, 40% (v/v) glycerol (Chem-supply), 0.4% (v/v) bromophenol blue (Sigma), and
100 mM dithiothreitol (Sigma)] to a total volume of 25 uL at 50C. Samples were separated by SDS-PAGE using NuPAGE 4-12% Bis-Tris Protein
Gels (Invitrogen) and transferred to Immobilon-FL PVDF membranes (Millipore). After blocking (1 h, Intercept Blocking Buffer, LI-COR), mem-
branes were incubated with primary and secondary antibodies. Proteins were visualized using an Odyssey scanner system including LI-COR
scanning software. Densiometric analysis was performed using FIJI (National Institutes of Health, USA).

Immunocytochemistry

Neurons were fixed in 2% paraformaldehyde (20 min), permeabilized with 0.1% Triton X-100 (5 min) and then blocked with 10% FBS, 1% BSA
(Sigma) in PBS (1 h, 37C) in a humid chamber. Primary antibodies were incubated overnight in the blocking solution. Following secondary
antibody application, neurons were washed and mounted in ProLong Mountant (Thermo Fisher). Primary and secondary antibodies are listed
in the key resources table. Confocal images were acquired on a Zeiss LSM 710 confocal microscope (58.67 X 58.67 um, 0.06 pm/pixel). The
colocalization maps were generated in Imaris9.9 (Oxford Instruments) and image analysis performed using the ImageJ plugin from FIJI. Su-
per-resolution confocal images were acquired on a Zeiss LSM 980 NLO Airyscan2 confocal microscope (57.71 x 57.71 um, 0.035 pm/pixel).
The Zeiss LSM is equipped with 32 Airyscan detector elements, where each detector acts as a small pinhole and gathers extra light, thereby
providing further resolution of 120 nm. Subsequent joint deconvolution allows up to 90 nm separation.

Spine analysis

GFP-positive neurons were randomly selected, and z-stacks (z-step size 110 nm) obtained using a Nikon Plan Apochromat 100x/1.45 NA oil-
immersion objective on a spinning disk confocal microscope (Diskovery, Andor Technology/Nikon Ti-E microscope body). The acquired im-
ages (150 x 80 um, 0.054 um/pixel) were processed by deconvolution using Huygens Professional (Scientific Volume Imaging). Tracing was
performed using Neurolucida 360 (MBF Bioscience) on secondary and tertiary dendrites where 1-2 dendrites/neuron (9 neurons/condition)
were traced using the smart manual tracing mode.** The total length of traced secondary and tertiary dendrites was 300-400 um and the last
20 um of the dendrite were excluded from the analysis. The proportion of mushroom spines was expressed as a percentage of mushroom,
stubby, thin spines and filopodia per neuron pooled across 9 neurons/condition from 3 independent experiments. Spines was automatically
detected using the following Neurolucida parameter set’: outer range, 7.5 pm; minimum height, 0.3 um; detector sensitivity, 150; minimum
count, 35. Spines were classified using the following parameter set: head-to-neck ratio, 1:1.2; length-to-head ratio 1:2.5; head size 0.6 um;
filopodium length 3.5 um.**¢’

BDNF stimulation

In all experiments, neurons were incubated with BDNF (65 ng/mL) for 1 h before live-imaging or fixation with 2.5% PFA with the exception of
the calcium imaging study where imaging commenced prior to treatment.

Proximity ligation assay

Quantification of Neogenin-Cyfip1 interactions was carried out using the Duolink Proximity Ligation Assay (Sigma) according to the manu-
facturer's instructions. Images were captured using a Zeiss LSM 710 confocal microscope (58.67 x 58.67 um, 0.06 um/pixel) and the extent
of interaction was calculated by quantifying the number of spines associated with fluorescent puncta using the ImageJ Cell Counter plugin.
The number of puncta-positive spines was expressed as a percentage of total spines along a 50 pm segment of secondary or tertiary dendrites
(15-20 neurons, 15-20 spines/neuron) from 3 independent experiments. For the experiment in Figure S2C, neurons were first cotransfected
with GFP and Neogenin (Neo-myc) (6 X myc epitopes added to the C-terminus) or NeoAWIRS-myc*® and the PLA performed with anti-myc
and anti-Cyfip1 antibodies. For experiment in Figure S7, neurons were treated with 65 ng/mL BDNF for 1h before fixation.

Fluorescence recovery after photo bleaching

Neurons were cultured on 29 mm dishes (Cellvis, 10 x 10* cells/dish) and cotransfected with RFP-Lifeact’® with either shCtl or shNeo and Neo
or NeoAWIRS. FRAP was performed on live neurons 65 ng/mL BDNF (60 min, Miltenyi Biotec) and images collected on the Zeiss LMS 710
confocal microscope using a 63x/1.4 NA oil-immersion objective (71 X 71 um, 0.069 um/pixel). Regions of interest (ROls, 8.5 + 0.3 um? equiv-
alent to the spine diameter) were selected over the mushroom spine and the background and reference ROls were set elsewhere on the same
neuron using the FRAP module of the Black Zen software. To achieve sufficient bleaching 100% laser power at 405 nm and 561 nm was used at
the ROIs after frame 10 for 20 iterations at 1.93 s intervals and images acquired every 1.93 s for 200 s. The Black Zen FRAP module was then
used to subtract the background fluorescence, normalize the data against the unbleached reference ROl and to calculate the stable fraction.”
15-16 BDNF-treated neurons and 8-9 BDNF-untreated neurons were analyzed from 3 independent experiments. 3-6 mushroom spines on
secondary dendrites were analyzed and averaged per neuron.
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Calcium imaging

Neurons cultured in glass bottom 8-well chamber slides (Ibidi, 2.4 x 10* cells/well) were cotransfected with fRGECO1 (pCl-syn-fRGECO1 was
a gift from Katalin Torok,”® (Addgene plasmid #125245) and either shCtl or shNeo and rescued with Neo or NeoAWIRS. At DIV14, a random
neuron per well was selected and calcium levels were assessed following the addition of BDNF (65 ng/mL) 25 s after the start of imaging.
Neurons were imaged in phenol red free medium (125 mM NaCl, 2.5 mM KCI, 25 mM HEPES pH7.4, 33 mM glucose, 1 mM MgCl,) using
a Marianas TIRF microscope equipped with a Quant EM X2 CCD camera and frames were captured at 40 ms/frame for 2000 frames with
the intensification set at 900 using a TERF 100X oil-immersion objective (77.26 x 77.26 um, 0.302 um/pixel) controlled by Slidebook 6 soft-
ware. The relative fluorescence intensity (AF/FO) was calculated using ImageJ as follows; baseline fluorescence intensity (FO) was determined
5 s priorto BDNF treatment and the change in fluorescence after the addition of BDNF (AF) was calculated by subtracting FO from the intensity
observed in subsequent frames (F). AF/FO per neuron was obtained by averaging the AF/FO values of 3-6 mushroom spines along 50 um of
secondary dendrites. 11-15 neurons were imaged/condition from 3 independent experiments. The ROUT outlier statistical test was used to
exclude outlier neurons.

Stochastic optical reconstruction microscopy (STORM)

Neurons were cultured on glass bottom 29 mm dishes and transfected with pCAG tdTomato. Immunostaining was performed as described
above using goat anti-C-terminal Neogenin (1:250; C-20, Santa Cruz) and rabbit anti-Cyfip1 (1:400; Upstate). The secondary antibodies
(donkey anti-goat Alexa 647, donkey anti-rabbit Alexa 488, 1:4600) were incubated for 1 h followed by thorough washing. STORM imaging
was performed using an Abbelight SAFe 360 single-molecule localization microscope (imaging buffer: 1x PBS, 10% glucose, 0.6 mg/mL
glucose oxidase, 100 mM mercaptoethylamine and 60 pg/mL catalase; pH7.5-8.5). Cells were initially bleached with 100% laser power at
488 nm and 640 nm. STORM acquisition was then initiated at a TIRF angle of 66 with 40 ms intervals between streaming frames for 5000
frames using a CFl Apo TIRF 100xC/1.49 NA oil-immersion objective (59.75 X 59.75 pm, 97 nm/pixel). The localization precision of the
488 nm and 639 nm lasers used to excite the Alexa Fluor 647 and 488 dyes on the Abbelight SAFe 360 scope allows a resolution of
15 nm. The localization accuracy averaged from 600 detections is 22.25 nm + 19.13 StD for Alexa Fluor 488 and 26.19 nm + 22.34
StD for Alexa Fluor 647.

Acquired STORM videos were processed in Abbelight NEO software. Parameters used for localizing detections using Gaussian fitting-
LSQ: minimum PSF area; 9 pixels, maximum PSF area; 50 pixels, local mean kernel size; 15 pixels. In reconstructed STORM images
pixel resolution was 15 nm/pixel. To quantify Cyfip1 and Neogenin association and spine size Abbelight NEO-generated images of su-
per-resolved detections were analyzed in ImageJ. 50-70 mushroom spines were analyzed on secondary dendrites of 8 neurons from 3 in-
dependent experiments. A threshold of 100 nm diameter was used to calculate the Neogenin large to small cluster ratio.

Single-particle tracking using photoactivation localization microscopy (sptPALM)

Neurons (DIV14-15) were imaged in phenol red free medium. Live movies were acquired on a Roper iLas 2 microscope (Roper Scientific) using
a Nikon CFl Apo TIRF 100x/1.49 NA oil-immersion objective (Nikon Instrument) which allows long-term oblique illumination allowing reso-
lution of 20-25 nm. The microscope was equipped with an Evolve512 Delta EMCCD camera (Photometrics), Piezo Z-drive and Nikon perfect
focus system. To exclude autofluorescence and background noise, a dichroic beamsplitter (LF488/561-A-000, Semrock) and double emission
filters (FFO1-523/610-25, Semrock) were used. Metamorph software (version 7.7.8, Molecular Devices) was used to control image acquisition.
Time-lapse movies of the ROI (250 x 400 pixels, 106 nm/pixel, 37C, 5% CO,) were captured over 25,000 frames (20 ms exposure/frame, 50
frames/s, 50 Hz). For sptPALM, 405 nm at 2% laser power was used to photoswitch mEos. Simultaneously, 70% 561 nm laser power was used
to excite and bleach the photoconverted mEos. Neurons were imaged before the addition of BDNF and 1 h after treatment with
65 ng/mL BDNF.

Single-particle tracking analysis was performed using PALM-tracer in MetaMorph software.”**” The mean squared displacement was
determined as a function of time for each trajectory which was individually tracked over a minimum of 8 frames. For each trajectory the
mobility threshold was set at 3 pixels with 318 nm between consecutive frames. The diffusion coefficient was calculated from the slope
of the mean squared displacement (MSD) versus time curve according to the equation MSD(t) = a + 4Dt, where D is the diffusion coef-
ficient, a = y-intercept and t = time. The diffusion coefficient threshold was defined using the following equation: Log1o[Dinreshold= (spatial
resolution)”/(4 x 4 x temporal resolution)].”"’° The following values were used: spatial resolution = 0.106 pm, temporal resolution = 0.02 s).
Trajectories with Logyo < —1.45 pm?/s were considered immobile. For statistical comparison, immobile and mobile fractions were calcu-
lated from the frequency distribution curve of the diffusion coefficient. 10-15 mushroom spines on 50 pm secondary dendrites and a total
of 13-16 neurons were analyzed per condition from 3 independent experiments. Nanocluster behavior was determined using NASTIC*?
after setting the following parameters: minimum trajectory length, 8 frames; maximum trajectory length, 100 frames; frame time, 0.02 s;
radius factor, 1.2, minimum trajectory overlap/cluster, 3 trajectories); Neo cluster size radius, 0.15 um and Cyfip1 cluster size radius,
0.20 pum.

22 iScience 27, 110621, September 20, 2024



iScience ¢? CellPress
OPEN ACCESS

QUANTIFICATION AND STATISTICAL ANALYSIS

Allimaging experiments were performed on mushroom spines. Statistical analyses were performed using GraphPad Prism (GraphPad 9.4.0).
All experimental data were derived from a minimum of 3 independent biological replicates and tested for normality (Gaussian distribution)
using the Kolmogorov-Smirnov test. Statistical significance was then determined using an unpaired Student's t test for two group compar-
isons. One or two-way ANOVA followed by Tukey’s multiple comparisons post hoc test was used to compare three or more groups when data
were normally distributed. Non-parametric data (Figures 5D-5F and 7D-7F) were transformed using sqrt(x+1) to reach normality after which
two-way ANOVA was applied followed by Tukey's post hoc test. All values are presented as mean =+ standard error of the mean (SEM). Sta-
tistical significance was considered to be p < 0.05.
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