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Abstract

Actin, spectrin and associated molecules form a membrane-associated periodic skeleton (MPS) in 

neurons. The function of the MPS, however, remains poorly understood. Using super-resolution 

imaging, we observed that G-protein coupled receptors (GPCRs), cell-adhesion molecules 

(CAMs), receptor tyrosine kinases (RTKs), and related signaling molecules were recruited to the 

MPS in response to extracellular stimuli, resulting in colocalization of these molecules and RTK 

transactivation by GPCRs and CAMs, giving rise to extracellular-signal-regulated kinase (ERK) 

signaling. Disruption of the MPS prevented such molecular colocalizations and downstream ERK 

signaling. ERK signaling in turn caused calpain-dependent MPS degradation, providing a negative 

feedback that modulates signaling strength. These results reveal an important functional role of the 

MPS and establish it as a dynamically regulated platform for GPCR- and CAM-mediated RTK 

signaling.

One Sentence Summary

The actin-spectrin-based periodic membrane skeleton coordinates signal transduction in neurons.

Signal transduction mediated by cell surface receptors requires precise coordination of a 

cascade of molecular events. Receptor tyrosine kinases (RTKs) constitute a large class of 

such cell surface receptors that are expressed across many cell types and perform a broad 

spectrum of cellular functions, including promotion of cell survival, regulation of cell 

division and differentiation, and modulation of cellular metabolism and cell-to-cell 

communication (1, 2). RTKs are activated in response to extracellular signals, initiating a 

number of intracellular signal transduction cascades to alter gene expression in cells (1–4). 

The kinase activity of RTK can be activated either directly by their cognate ligands or 

through transactivation by other transmembrane proteins (1, 2, 4–7). Among the RTK 
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transactivators are G-protein coupled receptors (GPCRs), the largest class of cell surface 

receptors in eukaryotes, and cell-adhesion molecules (CAMs), the class of transmembrane 

proteins responsible for cell-cell interactions (1, 4–7). In neurons, RTK transactivation by 

GPCRs and CAMs, as well as direct activation of RTKs by their cognate ligands, play 

important roles in regulating neurite outgrowth and axon guidance, controlling neuronal 

migration and repair, and modulating synaptogenesis and synaptic transmission (3–8). 

However, it is largely unknown how GPCRs, CAMs, RTKs and related signaling 

components are spatially organized at the neuronal cell surface and how these molecules are 

brought together to enable RTK transactivation and downstream signaling.

Recently, it has been shown that actin, spectrin and associated molecules form a membrane-

associated periodic skeleton (MPS) structure in the axons and dendrites of neurons (9–12). 

The neuronal MPS contains molecular components homologous to those of the erythrocyte 

membrane skeleton (13), but adopts a distinct ultrastructure: in neurites, actin filaments are 

assembled into ring-like structures that are periodically spaced by spectrin tetramers, 

forming a quasi-one-dimensional lattice structure underneath the plasma membrane with a 

periodicity of ~190 nm (9). This structure is present in distinct types of neurons and across 

diverse animal species (14, 15). The MPS can organize transmembrane proteins, such as ion 

channels and adhesion molecules, into periodic distributions along axons (9, 11, 16–18), 

raising the possibility that this submembrane lattice structure may mediate membrane-

associated signal transduction by regulating the distributions of related signaling proteins in 

space and time.

To test this hypothesis, we applied stochastic optical reconstruction microscopy (STORM) 

(19, 20), a super-resolution imaging method, to examine the spatial distributions of two 

transmembrane proteins that are known to transactivate RTKs in neurons (5, 7, 21, 22): i) the 

cannabinoid type 1 receptor (CB1), the most abundant GPCR in the brain and a therapeutic 

target for regulating appetite, pain, mood and memory, and for treating neurodegenerative 

diseases (23), and ii) the neural cell adhesion molecule 1 (NCAM1), a immunoglobulin 

superfamily CAM important for neuronal migration, neurite outgrowth and fasciculation, 

and neural circuit development (7). We used two-color STORM to investigate the spatial 

relationship between the MPS and these membrane proteins in cultured hippocampal 

neurons (Fig. 1). The MPS was visualized through immunolabeling of the C-terminus of βII-

spectrin, which is located at the center of each spectrin tetramer connecting adjacent actin 

rings and is near the binding site for ankyrin, an adaptor protein that can connect 

transmembrane proteins to the membrane skeleton (13, 24).

Before stimulation with exogenous ligands, CB1 and NCAM1 exhibited a small degree of 

colocalization with the C-terminus of βII-spectrin, i.e. the center of the spectrin tetramer, in 

axons (Fig. 1, A and C, left). We quantified the degree of colocalization using one-

dimensional (1D) cross-correlation analysis by projecting the signals to the longitudinal axis 

of the axon and calculating the average 1D cross-correlation function between the two color-

channels over many axon segments. The 1D cross-correlation amplitude, defined as the 

average amplitude of the peaks at ±190 nm (the period of the MPS), quantifies not only the 

colocalization between the signaling molecules and the MPS, but also the degree of 

periodicity of these signaling molecules (Fig. 1, B and D, blue). The observed average cross-
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correlation amplitudes were >10 fold greater than the values derived from single-color-

labeled neurons, indicating that the observed colocalization was not due to crosstalk between 

the two color-channels (fig. S1). Notably, upon treatment with ligands, a CB1 agonist WIN 

55,212–2 (WIN, Ki = 62 nM) (23) or a NCAM1 antibody (NCAM1 Ab) that binds to the 

extracellular domain to mimic homophilic or heterophilic binding of NCAM (7), CB1 or 

NCAM1 respectively displayed a substantially higher degree of colocalization with the MPS 

(Fig. 1, A and C, middle) with a 3–4 fold increase in the cross-correlation amplitudes (Fig. 

1, B and D, red), and a significant reduction in the average distance between CB1/NCAM1 

and their nearest-neighbor spectrin tetramer centers(fig. S2). Quantitatively similar ligand-

induced increase in colocalization between CB1/NCAM1 and the MPS was observed using 

different cell fixation protocols (fig. S3). Such colocalization was abolished by treatment 

with actin depolymerizing drugs latrunculin A (LatA) and cytochalasin D (CytoD) (Fig. 1, A 

and C, right; B and D, yellow), which is known to disrupt the MPS structure (10, 12). 

Together, these results indicate ligand-induced recruitment of CB1 and NCAM1 to the MPS. 

Further supporting this notion, co-immunoprecipitation experiments also showed increased 

interaction of CB1 and NCAM1 with the MPS upon ligand treatment (fig. S4).

Next, we tested whether the recruitment of CB1 and NCAM1 to the MPS is important for 

the downstream signaling. It has been shown that, upon ligand binding, both CB1 and 

NCAM1 can activate the Raf-MEK-ERK signaling cascade through RTK transactivation in 

neurons (Fig. 2A) (7, 22). We thus measured the level of phosphorylated (activated) ERK 

(pERK) using an immunofluorescence assay (25) to quantify the signaling strength. Upon 

treatment with either the CB1 agonist WIN or the NCAM1 Ab, we observed a transient 

increase in pERK signal in neurons, followed by a decay to basal levels (Fig. 2, B and C, 

blue), consistent with previous reports (22, 26). Similar ERK activation was observed 

regardless of whether the analysis was done for axons only or for all neurites (fig. S5). 

Pretreating the neurons with a CB1-specific antagonist SR141716 (SR, Ki = 2 nM) that has 

little activity on CB2 (27–29) abolished the observed WIN-induced pERK signal increase in 

neurons (Fig. 2C, green), as well as the WIN-induced increase in CB1 and MPS 

colocalization (Fig. 1B, green).

Notably, disruption of the MPS structure by the LatA/CytoD treatment completely abolished 

the transient, ligand-induced ERK activation (Fig. 2C, yellow). Similar results were obtained 

by βII-spectrin knockdown (Fig. 2C, red, and 2D), which is also known to disrupt the MPS 

structure (10, 12). The cell-surface expression levels of CB1 and NCAM1 did not decrease 

in βII-spectrin knockdown neurons (fig. S6), excluding the possibility that the knockdown 

effect on ERK activation was due to a decrease in the surface expression of CB1 or NCAM1. 

Similar βII-spectrin-dependent, ligand-induced ERK activation was also observed using 

Western blot analysis (fig. S7). Together, these results suggest that the MPS plays an 

important role in enabling the CB1- and NCAM1-mediated ERK signaling.

Next, we investigated mechanistically how CB1- or NCAM1-mediated ERK signaling is 

facilitated by the MPS. To this end, we first examined which step along the signaling 

pathway is affected by MPS disruption. Both CB1- and NCAM1-mediated RTK 

transactivations activate protein kinase C (PKC), which in turn activates the ERK cascade in 

neurons (Fig. 2A) (5, 7, 22). We thus added PDBu, a direct PKC activator, to neurons and 
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measured the resulting pERK signal. The PDBu-induced increase in pERK signal was not 

diminished by βII-spectrin knockdown (fig. S8A), indicating that the MPS did not act 

directly on the Raf-MEK-ERK cascade downstream of PKC. Previous studies (5, 7, 21, 22) 

have suggested that CB1 and NCAM1 can transactivate two RTKs in neurons, tropomyosin 

receptor kinase B (TrkB) and fibroblast growth factor receptors (FGFR). Indeed, the addition 

of TrkB and FGFR inhibitors, and likewise the knockdown of TrkB and FGFR1, strongly 

suppressed the increase in pERK signal induced by WIN or NCAM1 Ab (fig. S8, B and C). 

These results indicate that the ERK signaling in neurons induced by CB1 and NCAM1 

ligands was primarily through transactivation of the two RTKs, TrkB and FGFR. To test 

whether MPS facilitates CB1- and NCAM1-mediated transactivation of these two RTKs or 

events downstream of TrkB and FGFR activation, we examined whether MPS disruption 

inhibits the TrkB and FGFR activation induced directly by their own cognate ligands, brain-

derived neurotrophic factor (BDNF) for TrkB and basic fibroblast growth factor (bFGF) for 

FGFR. The pERK signal increase induced by BDNF or bFGF remained quantitatively 

similar in βII-spectrin knockdown neurons as compared to wild type neurons (fig. S8, D and 

E), suggesting that the MPS does not act downstream of these RTKs, but likely affects their 

transactivation by CB1 and NCAM1. Indeed, using Western blot analysis, we observed 

activation (phosphorylation) of TrkB and FGFR upon addition of the CB1 ligand WIN, as 

well as activation of FGFR by the NCAM1 Ab treatment, both in a βII-spectrin-dependent 

manner (Fig. 2, E and F).

Next, we used STORM to examine the spatial relationship of the two RTKs, TrkB and 

FGFR1, to the MPS, as well as to the RTK transactivators, CB1 and NCAM1. Upon addition 

of WIN, both RTKs displayed a substantial increase in colocalization with the MPS, 

reflected by a 3–5 fold increase in 1D cross-correlation amplitudes, and disruption of the 

MPS by LatA/CytoD treatment abolished these colocalizations (Fig. 3A). Co-imaging of 

CB1 with TrkB or FGFR1 showed little colocalization between these molecules before 

addition of WIN, whereas the amplitude and periodicity of the 1D cross-correlation 

functions increased dramatically upon WIN addition (Fig. 3B), suggesting ligand-induced 

colocalizations between CB1 and the two RTKs. MPS disruption by LatA/CytoD treatment 

or βII-spectrin knockdown completely eliminated this ligand-induced colocalization (Fig. 

3B). One potential caveat of this 1D analysis is that the increase in the 1D cross-correlation 

may be only a reflection of the recruitment of both CB1 and RTKs to the MPS, and may not 

necessarily indicate an enhanced spatial proximity between CB1 and RTKs themselves. We 

thus performed 2D cross-correlation analysis between CB1 and the two RTKs (fig. S9A), as 

well as nearest-neighbor distance analysis between these molecules (fig. S9B), to further 

probe their colocalization. Both analyses showed that WIN treatment indeed enhanced 

proximity between CB1 and the two RTKs in an MPS-dependent manner. Similarly, 

NCAM1 Ab treatment also induced colocalization between NCAM1 and FGFR1 in an 

MPS-dependent manner (fig. S10). As an additional support, co-immunoprecipitation 

experiments showed that the interaction between CB1 and the two RTKs greatly increased 

upon WIN treatment, and likewise the interaction between NCAM1 and FGFR greatly 

increase upon NCAM1 Ab treatment, both in an MPS-dependent manner (fig. S11).

We further examined the spatial distributions of Src-family tyrosine kinases, which are 

known as important mediators of RTK transactivation by GPCRs and CAMs (Fig. 2A) (4–7, 
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30). As expected, preincubation with PP2, a specific Src-family kinase inhibitor, abolished 

the increase in pERK signal induced by CB1 and NCAM1 ligands in neurons (fig. S12). 

Notably, Src, a known mediator for GPCR-mediated RTK transactivation (4, 6), also became 

substantially more colocalized with the MPS upon WIN treatment, and this colocalization 

was abolished by MPS disruption (Fig. 3C). To test whether this recruitment of Src to the 

MPS depends on Src activity, we generated three Src mutants with different levels of kinase 

activities (SrcAct, SrcSH2eng, and SrcSH2−3eng) by introducing mutations that promote the 

open (active) or closed (inactive) conformation of Src (Fig. 3D) (31). The degree of 

colocalization between the MPS and these Src mutants scaled with their kinase activity in 

the absence of WIN, and the effect of WIN treatment on the Src-MPS colocalization was 

substantially reduced for the constitutively active mutant SrcAct, exhibiting only a 48% 

(instead of 3–4 fold) increase in 1D cross-correlation amplitude, and the WIN-induced 

increase was completely abolished for the two inactive Src mutants (SrcSH2eng and 

SrcSH2−3eng) (Fig. 3D and fig. S13). Likewise, Fyn, the Src-family kinase mediating 

NCAM1-induced RTK transactivation (30), also exhibited enhanced colocalization with the 

MPS upon NCAM1 Ab treatment (fig. S14).

Taken together, the above results suggest that the MPS acts as a signaling platform that 

brings CB1, NCAM1, RTKs and Src-family kinases into proximity to enable RTK 

transactivation by CB1 and NCAM1. Next, we investigated whether RTK transactivation and 

the downstream ERK signaling in turn have any effect on the MPS. Interestingly, after WIN 

or NCAM1 Ab treatment, the MPS was degraded gradually over time (Fig. 4, A and B; fig. 

S15, A and B). Preincubation with the CB1-antagonist SR blocked the WIN-induced MPS 

degradation (Fig. 4, A and C). Preincubation with U0126, an inhibitor (IC50 = 60–70 nM) of 

MEK, the kinase upstream of ERK (Fig. 2A), also protected the MPS from degradation (Fig. 

4, A and C; fig. S15, A and C), indicating that the MPS degradation was a result of the ERK 

signaling. Brain spectrin is the substrate of the calpain protease (32) and RTK-induced ERK 

signaling activates calpain-2 (33), raising the possibility that the observed MPS degradation 

may be due to cleavage by calpain. Indeed, we found that inhibiting calpain activity with an 

inhibitor MDL-28170 (MDL, Ki = 8 nM) or shRNA against calpain-2 prevented signaling-

induced MPS degradation (Fig. 4, A and C; fig. S15, A and C). With calpain or MEK 

activities inhibited and hence the MPS retained, the ligand-induced colocalization between 

signaling molecules and the MPS also maintained (fig. S16). These results indicate that 

CB1- and NCAM1-mediated RTK transactivation turns on an ERK-dependent calpain 

pathway that degrades the MPS. This degradation was reversible: the MPS structure 

reassembled within a few hours after ligand removal (fig. S17).

Because the MPS structure brings RTKs, RTK transactivators, and Src-family kinases into 

proximity to facilitate RTK transactivation, we envisioned that the MPS degradation could 

provide a negative feedback to reduce the strength of ERK signaling induced by RTK 

transactivation. Indeed, preventing MPS degradation by the calpain inhibitor MDL or 

calpain-2 knockdown increased ERK signaling induced by both WIN and NCAM1 Ab (Fig. 

4, D and E; fig S15, D and E), supporting the existence of such a negative feedback loop.

Ligand binding could also induce receptor endocytosis, a process known to positively or 

negatively regulate various signaling pathways (34, 35). In addition to providing a platform 
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for recruiting signaling molecules, could the MPS influence the endocytosis of these 

molecules, which in turn also impacts ERK signaling? To examine whether the MPS affects 

CB1 endocytosis, we examined how the rate of ligand-induced CB1 endocytosis changed 

under two MPS perturbation conditions: 1) βII-spectrin knockdown, which disrupts the 

MPS, and 2) MDL treatment, which protects the MPS from signaling-induced degradation. 

βII-spectrin knockdown led to a substantial increase in WIN-induced CB1 endocytosis, 

whereas MDL treatment inhibited WIN-induced CB1 endocytosis (fig. S18), indicating that 

the MPS structure can repress endocytosis.

To estimate how much this effect of MPS on CB1 endocytosis would contribute to the 

observed negative feedback on signaling, we further examined the ERK signaling in clathrin 

heavy chain (CHC) knockdown neurons, as CB1 endocytosis is known to occur in a clathrin-

dependent manner in neurons (36). Notably, although CHC knockdown inhibited CB1 

endocytosis at least as strongly as MDL treatment did (fig. S18), it did not have a significant 

effect on ERK signaling induced by WIN (fig. S19), suggesting that the enhancement in 

ERK signaling observed under calpain inhibition (Fig. 4E) was not primarily due to 

inhibition of endocytosis. Hence, for CB1-mediated RTK transactivation, the negative 

feedback caused by the signaling-induced MPS degradation was likely a direct effect of the 

loss of the structural platform for signaling-molecule recruitment. Whether the same is true 

for NCAM1-mediated RTK transactivation remains to be investigated.

In summary, our results suggest that the MPS serves as a structural platform for bringing 

signaling molecules, including GPCRs, CAMs, RTKs, and Src-family kinases, into 

proximity to enable GPCR- and CAM-mediated transactivation of RTKs and the 

downstream ERK signaling (Fig. 4F). These signaling molecules were recruited to sites near 

the center of the spectrin tetramer, where the adaptor protein ankyrin binds. Both spectrin 

and ankyrin are large scaffolding proteins containing multiple domains, which could provide 

multiple binding sites for signaling molecules and bring them into proximity to form 

signaling complexes. Indeed, it has been shown that GPCR-signaling components, CAMs, 

and the Src kinase can interact with specific molecular domains of spectrin or ankyrin (13, 

37, 38). It is also possible that some of these signaling molecules are first recruited to the 

MPS to increase their local concentration, which in turn facilitates the recruitment of other 

signaling molecules through multivalent interactions. In support of this view, optogenetically 

induced self-oligomerization of the SH2 domain, a common protein domain in many 

signaling molecules, including Src and Fyn kinases, has been shown to facilitate complex 

formation between RTKs and SH2, thereby activating RTKs (39). Our results thus raise the 

interesting possibility that MPS may facilitate multivalent-interaction-mediated phase 

separation of signaling molecules. Our observations of the recruitment of signaling 

molecules to the MPS upon ligand stimulation suggest a critical role of the MPS in 

signaling. Indeed, disruption of the MPS abolished ligand-induced RTK transactivation by 

CB1 or NCAM1, and the downstream ERK signaling. Furthermore, we demonstrated that 

the ERK signaling induced reversible MPS degradation in a calpain-protease-dependent 

manner, which in turn caused an attenuation of signaling strength, providing a negative 

feedback loop (Fig. 4F). In addition, we observed that MPS can regulate endocytosis, 

potentially providing another mechanism for signaling regulation. Taken together, our results 

demonstrate that the MPS functions as a dynamically regulated structural platform for 
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GPCR- and CAM-mediated RTK transactivation and signaling, providing a mechanism for 

regulating signal transduction in neurons.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. CB1 and NCAM1 are recruited to the MPS upon cognate ligand binding.
(A) Two-color STORM images of βII-spectrin (green) and CB1 (magenta) in the axons of 

untreated neurons (left, “-WIN”), neurons treated with the CB1 agonist WIN (middle, 

“+WIN”), and neurons pretreated with LatA and CytoD to disrupt the MPS prior to addition 

of WIN (right, “+WIN, +LatA/CytoD”). 1D projection traces of βII-spectrin (green) and 

CB1 (magenta) signals along the axon are shown at the bottom. Scale bars: 1 μm. βII-

spectrin was visualized by immunostaining with an antibody against the C-terminus of βII-

spectrin. CB1 was visualized by immunostaining with CB1 antibody. (B) Left: Average 1D 

cross-correlation functions between the distributions of CB1 and βII-spectrin from many 

CB1-positive axon segments for the three conditions described in (A) as well as for neurons 

pretreated with the CB1 antagonist SR prior to addition of WIN (“+WIN, +SR”). Right: 

Average 1D cross-correlation amplitudes, defined as the difference between the average of 

the peaks at ± 190 nm and the average of the valleys at ± 95 nm and ± 285 nm of the average 

1D cross-correlation functions. Blue: -WIN; Red: +WIN; Yellow: +WIN, +LatA/CytoD; 

Green: +WIN, +SR. **: P < 0.01; actual P values (from left to right): 4.4 × 10−3, 1.6 × 10−3, 

8.7 × 10−3 (unpaired Student’s t test). (C, D) Same as (A, B) but for neurons treated with 

NCAM1 antibody (NCAM1 Ab) instead of WIN. Neurons were pre-incubated with NCAM1 

Ab at 4 °C to allow antibody binding in both “-NCAM1 Ab” and “+NCAM1 Ab” 
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conditions. NCAM1 Ab treatment (“+NCAM1 Ab”) was achieved by a temperature increase 

to stimulate signaling (See Materials and Methods), whereas the temperature increase step 

was skipped in the “-NCAM1 Ab” condition to prevent signaling, as previously described 

(26). NCAM1 was visualized through immunostaining with the NCAM1 antibody. **: P < 

0.01; ***: P < 0.001; actual P values (from left to right): 2.1 × 10−3, 5.8 × 10−4 (unpaired 

Student’s t test). Data in bar graphs are mean ± s.e.m. (n = 3 biological replicates; 100–200 

axonal regions were examined per condition).
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Fig. 2. MPS disruption abolishes RTK transactivation and downstream ERK signaling.
(A) Left: Diagrams showing direct RTK activation (top) and RTK transactivation (bottom). 

RTK can be either activated directly by binding of their cognate ligands or transactivated by 

other transmembrane proteins, such as CB1 (upon binding of CB1 ligand) and NCAM1 

(upon binding of NCAM1 Ab). Right: Diagram showing the ERK signaling cascade 

downstream of RTK. PLC, phospholipase C. MEK, mitogen-activated protein kinase kinase. 

(B) Top: Immunofluorescence images of phosphorylated (activated) ERK (pERK) in wild 

type (WT) untreated neurons (left) and WT neurons treated with WIN for 10 min (right). 

WIN treatment was initiated by addition of WIN at 37 oC. Bottom: Same as top but for 

treatment with NCAM1 Ab. Neurons were pre-incubated with NCAM1 Ab at 4 °C to allow 

antibody binding in both “-NCAM1 Ab” and “+NCAM1 Ab” conditions, and NCAM1 Ab 

treatment (“+NCAM1 Ab”) was then initiated by a temperature increase to 37 oC, whereas 

this temperature increase step was eliminated in the “-NCAM1 Ab” condition to prevent 

signaling. Scale bar: 25 μm. (C) Time courses of ERK activation upon WIN addition (left) 

or upon NCAM1 Ab treatment (right) for WT neurons (blue), WT neurons pretreated with 

the CB1 antagonist SR (green, closed symbols: 1 μM SR; open symbols: 100 nM SR), WT 

neurons pretreated with LatA and CytoD (yellow), and βII-spectrin knockdown (KD) 

neurons (red). βII-spectrin KD was induced by adenovirus expressing βII-spectrin shRNA 

(fig. S6A). Data are mean ± s.e.m. (n = 3 biological replicates; 20–30 imaged regions were 

examined per condition). (D) Same as (B) but for βII-spectrin KD neurons instead of WT 

neurons. (E) Western blot analysis for phosphorylated (activated) TrkB (pTrkB) and total 

TrkB in whole-cell lysates from WT neurons (top) and βII-spectrin KD neurons (bottom) 

before and 10 min after WIN treatment. (F) Western blot analysis for phosphorylated 

(activated) FGFR (pFGFR) and total FGFR in whole-cell lysates from WT neurons (top) and 

βII-spectrin KD neurons (bottom) before and 10 min after the initiation of WIN or NCAM1 
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Ab treatment. Western blots are representative examples from two independent biological 

replicates.
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Fig. 3. The MPS functions as a signaling platform that brings RTKs, RTK transactivators and 
Src kinases into proximity.
(A) Left panels: Two-color STORM images of βII-spectrin (green) and TrkB (magenta) (top 

panels) and of βII-spectrin (green) and FGFR1 (magenta) (bottom panels) in CB1-positive 

axons of untreated neurons (left, “-WIN”), neurons treated with WIN (middle, “+WIN”), 

and neurons pretreated with LatA and CytoD prior to WIN addition (right, “+WIN, +LatA/

CytoD”). Scale bars: 1 μm. Right panels: Average 1D cross-correlation functions and 1D 

cross-correlation amplitudes between the distribution of βII-spectrin and the distributions of 

RTKs (TrkB or FGFR1) from many CB1-positive axons for the three conditions. Blue: -

WIN; Red: +WIN; Yellow: +WIN, +LatA/CytoD. **: P < 0.01; ***: P < 0.001; actual P 
values (from left to right): 2.3×10−3, 5.6×10−4, 2.8×10−3, 1.2×10−3 (unpaired Student’s t 
test). (B) Similar to (A) but for co-imaging of CB1, instead of βII-spectrin, with the two 

RTKs. The results for the +WIN condition in βII-spectrin KD neurons is additionally shown 

in green (+WIN, βII-spectrin KD). **: P < 0.01; ***: P < 0.001; actual P values (from left to 

right): 6.7 × 10−4, 7.3 × 10−4, 3.8 × 10−4, 5.2 × 10−4, 6.8×10−4, 1.0×10−3 (unpaired 

Student’s t test). (C) Similar to (A) but for co-imaging of Src with βII-spectrin. ***: P < 

0.001; actual P values (from left to right): 6.4 × 10−4, 2.2 × 10−4 (unpaired Student’s t test). 

(D) Left: Diagram showing the intramolecular domain organizations of the three Src 

variants. SrcAct is a constitutively active mutant, and gray dots in SrcAct indicate the sites 

modified to disrupt the auto-inhibiting intramolecular domain interactions. SrcSH2eng and 

SrcSH2−3eng are inactive mutants, and red dots in these mutants indicate the sites modified to 

facilitate the auto-inhibiting intramolecular domain interactions. The red “P” represents the 

major phosphorylation site of activated Src. Right: Average 1D cross-correlation amplitudes 

between the distributions of βII-spectrin and the three Src mutants. Blue: -WIN; Red: 
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+WIN. *: P < 0.1; n.s.: not significant (P > 0.1); actual P values (from left to right): 1.1 × 

10−2, 0.74, 0.49 (unpaired Student’s t test). Data in bar graphs are mean ± s.e.m. (n = 3 

biological replicates; 100–200 axonal regions were examined per condition). βII-spectrin 

and CB1 were visualized as described in Fig. 1; TrkB, FGFR1, and Src variants were 

visualized by moderate expression of GFP-tagged TrkB, FGFR1, or Src variants through 

low-titer lentiviral transfection and detection through GFP antibody.
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Fig. 4. ERK signaling causes disassembly of the MPS structure, providing a negative feedback 
for signaling.
(A) 3D STORM images of βII-spectrin in CB1-positive axons of untreated neurons, neurons 

treated with WIN for 1 hr in the absence and presence of SR (a CB1 antagonist), U0126 (a 

MEK inhibitor), MDL (a pan-calpain inhibitor), and calpain-2 KD neurons treated with 

WIN for 1hr. Calpain-2 KD was induced by adenovirus expressing calpain-2 shRNA (fig. 

S15A). Scale bars: 1 μm. Colored scale bar indicates the z-coordinate information. **: P < 

0.01; ***: P < 0.001; actual P values (from left to right): 1.6 × 10−3, 5.9 × 10−4 (unpaired 

Student’s t test). (B) Average 1D auto-correlation amplitude of the βII-spectrin distribution, 

indicating the degree of the periodicity in the MPS, calculated from many axon segments at 

different time points after addition of WIN. (C) Average 1D auto-correlation amplitudes for 

the six conditions described in (A). **: P < 0.01; ***: P < 0.001; actual P values (from left 

to right): 8.0 × 10−4, 9.2 × 10−4, 6.3 × 10−4, 3.5 × 10−3 (unpaired Student’s t test). Data in 

(B) and (C) are mean ± s.e.m. (n = 3 biological replicates; 50–100 axonal regions were 

examined per condition). (D) Immunofluorescence images of activated ERK (pERK) in 

neurons pretreated with MDL, before (left) and after (right) WIN treatment. Scale bar: 25 

μm. (E) Time courses of ERK activation upon addition of WIN for control neurons (blue), 

neurons pretreated with MDL (green), and calpain-2 knockdown neurons (red). The curve 

for control neurons is reproduced from Fig. 2C. Data are mean ± s.e.m. (n = 3 biological 

replicates; 20–30 imaged regions were examined per condition). (F) Schematic showing the 

MPS functioning as a dynamically regulated platform to recruit signaling molecules and 

enable RTK transactivation. Upon ligand binding to RTK transactivators (CB1 and 

NCAM1), these transactivators, RTKs (TrkB and FGFR), and related Src-family tyrosine 

kinases (Src and Fyn) are recruited to the MPS and brought into proximity of each other, 
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enabling RTK transactivation and the downstream ERK signaling. ERK activation in turn 

induces MPS degradation in a calpain-dependent manner, providing a negative feedback 

loop to attenuate the strength of ERK signaling. MPS degradation also leads to an increase 

in receptor endocytosis. Because the ligand-induced increase in the pERK signal was 

followed by a decay under both control conditions and conditions where the MPS 

degradation was inhibited by inhibiting calpain activity (Fig. 4E and fig. 15E), other MPS-

independent attenuation mechanisms may contribute to the observed pERK signal decay.
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