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Ras and Rab interactor 1 controls neuronal 
plasticity by coordinating dendritic filopodial 
motility and AMPA receptor turnover

ABSTRACT  Ras and Rab interactor 1 (RIN1) is predominantly expressed in the nervous 
system. RIN1-knockout animals have deficits in latent inhibition and fear extinction in the 
amygdala, suggesting a critical role for RIN1 in preventing the persistence of unpleasant 
memories. At the molecular level, RIN1 signals through Rab5 GTPases that control endocyto-
sis of cell-surface receptors and Abl nonreceptor tyrosine kinases that participate in actin 
cytoskeleton remodeling. Here we report that RIN1 controls the plasticity of cultured mouse 
hippocampal neurons. Our results show that RIN1 affects the morphology of dendritic protru-
sions and accelerates dendritic filopodial motility through an Abl kinase–dependent pathway. 
Lack of RIN1 results in enhanced mEPSC amplitudes, indicating an increase in surface AMPA 
receptor levels compared with wild-type neurons. We further provide evidence that the Rab5 
GEF activity of RIN1 regulates surface GluA1 subunit endocytosis. Consequently loss of RIN1 
blocks surface AMPA receptor down-regulation evoked by chemically induced long-term 
depression. Our findings indicate that RIN1 destabilizes synaptic connections and is a key 
player in postsynaptic AMPA receptor endocytosis, providing multiple ways of negatively 
regulating memory stabilization during neuronal plasticity.

INTRODUCTION
Ras and Rab interactor 1 (RIN1), originally identified as a Ras effector 
protein, is highly expressed in mature neurons, particularly in the 
cerebral cortex, hippocampus, and amygdala. RIN1 localizes to neu-

ronal cell body and dendrites, with enrichment in postsynaptic den-
sities (Deininger et al., 2008). RIN1-knockout mice are viable and 
show normal development but possess altered neuronal plasticity, 
with elevated fear conditioning and conditioned taste aversion. 
These behaviors are mainly dependent on amygdala functions but 
are also influenced by other forebrain regions, such as cerebral cor-
tex. RIN1 appears to be a regulator of amygdala-related fear learn-
ing and experience-mediated fear extinction (Dhaka et  al., 2003; 
Bliss et al., 2010). Consequently RIN1-knockout mice with enhanced 
fear acquisition and retention can serve as a useful model for distinct 
neuropsychiatric conditions such as posttraumatic stress disorder 
(Bliss et  al., 2010). The molecular mechanisms underlying these 
RIN1 functions, however, have been unclarified.

RIN1 has the ability to signal through two downstream pathways. 
First, the direct activation of the Abl tyrosine kinases Abl and Arg 
(Abl-related gene, or Abl2) controls actin cytoskeletal remodeling 
(Han et al., 1997; Hu et al., 2005). Second, RIN1 can also act as a 
Rab5-directed guanine nucleotide exchange factor (GEF) protein, 
thereby regulating Rab5-dependent receptor endocytosis and 
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in RIN1 levels during embryonic and postnatal forebrain develop-
ment (Deininger et al., 2008), RIN1 expression in embryonic hippo-
campal neuronal cultures was low during the first week after plating 
(Figure 1, B, C, and E). From day in vitro (DIV) 7 on, in parallel with 
dendritic development and synaptic maturation, RIN1 level strongly 
increased in cultures prepared from wild-type mice, similar to the 
observed increase in AMPA receptor subunit GluA1 expression. Be-
cause the used Rin1−/− animals have a C57Bl/6 genetic background 
(Deininger et al., 2008), cultures prepared from C57Bl/6 mice would 
serve as the most appropriate wild-type controls. However, because 
this mouse strain is not ideal for the preparation of embryonic hip-
pocampal cultures, we used neuronal cultures from CD1 wild-type 
embryos instead, showing developmental changes in RIN1, GluA1, 
and βIII-tubulin expression similar to those of C57Bl/6 cultures 
(Figure 1, B and C).

To analyze the phosphorylation level at serine 351 in develop-
ing neuronal cultures, we used a phosphospecific antibody (anti-
pS351; Ziegler et  al., 2011). The specificity of the antibody was 
proved by alkaline phosphatase treatment of culture lysates before 
precipitation: whereas the overall level of the endogenous RIN1 
protein was the same in total cell lysates (TCLs), the pS351-specific 

early endosome formation (Tall et al., 2001). Both of these path-
ways are involved in neuronal plasticity (Moresco et al., 2003; Brown 
et al., 2005): Abl kinases are present at hippocampal excitatory syn-
apses, where they control synaptic functions and regulate synaptic 
plasticity (Moresco et al., 2003; Xiao et al., 2016). The modulation 
of actin cytoskeletal remodeling, binding to β1 integrin, and synap-
tic clustering of PSD95 have been all implicated in Abl kinase–me-
diated activity-dependent synaptic efficacy (for reviews, see 
Koleske, 2006; Colicelli, 2010; also see Perez de Arce et al., 2010; 
Warren et al., 2012). On the other hand, the small GTPase Rab5 
mediates clathrin-dependent endocytosis in hippocampal neurons 
(de Hoop et al., 1994) and participates in the activity-dependent 
removal of α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 
(AMPA) receptors from hippocampal excitatory synapses during 
long-term depression (LTD; Brown et  al., 2005). Thus RIN1 is an 
ideal candidate for a negative regulator of synaptic stability and/or 
potentiation.

Protein interactions and cellular functions of RIN1 are regulated 
by the phosphorylation of distinct amino acid residues. For exam-
ple, phosphorylation of serine 351 (S351) enhances the interaction 
with 14-3-3 adaptor proteins, which sequester active RIN1 in the 
cytoplasm and prevent its translocation to cellular membranes 
(Wang et  al., 2002). Consequently a RIN1S351A mutant protein is 
more active with respect to epidermal growth factor receptor inter-
action (Hu et  al., 2008a) and receptor down-regulation than the 
wild-type protein (Balaji et al., 2012). RIN1 directly interacts with Abl 
kinases via its proline-rich domain, leading to disengaged autoinhi-
bition of Abl and subsequent phosphorylation of RIN1 at tyrosine 36 
(Y36). This process further stabilizes the interaction of the proteins 
and enhances autocatalytic Abl kinase activity, followed by increased 
phosphorylation of its substrates (Hu et al., 2005). Of note, mutation 
of tyrosine 36 together with three secondary tyrosine residues within 
RIN1 (RIN1QM) blocks the activation of Abl kinases (Balaji et  al., 
2012; Balaji and Colicelli, 2013). RIN1-mediated activation of Abl 
kinases is further modulated through protein kinase D–mediated 
phosphorylation of serine 292 (S292; Ziegler et al., 2011). Finally, a 
Rab5 GEF–deficient RIN1E574A mutant disrupts RIN1-mediated Rab5 
actions (Galvis et al., 2009).

In this study, we investigated the role of RIN1 in cellular mecha-
nisms regulating receptor endocytosis and the morphology and sta-
bilization of dendritic spines. We used embryonic hippocampal neu-
ronal cultures as cellular model systems to investigate RIN1-mediated 
effects on dendritic spine morphology and motility. Furthermore, 
we analyzed whether RIN1 regulates plasticity-dependent surface 
localization of GluA1 AMPA receptor subunits in cultured neurons. 
Using the aforementioned mutant RIN1 proteins, we sought to dis-
tinguish between the contributions of Abl kinase activation and 
Rab5-dependent signaling pathways to RIN1-mediated effects un-
der normal conditions or during chemically induced long-term de-
pression. Our results indicate that RIN1 weakens synaptic connec-
tions by increasing the motility of dendritic protrusions and 
enhancing AMPA receptor endocytosis through the activation of Abl 
kinases and its Rab5 GEF activity, respectively.

RESULTS
RIN1 expression increases during the dendritic 
development of cultured neurons
To visualize endogenous RIN1 in lysates of wild-type brain tissue, 
we used a previously described murine-specific RIN1 antibody 
(Deininger et al., 2008). Of note, in lysates obtained from Rin1−/− 
animals, the protein was not detected, proving the specificity of the 
RIN1 antibody (Figure 1A). In accordance with the gradual increase 

FIGURE 1:  RIN1 levels in developing hippocampal neuronal cultures. 
(A) The specificity of RIN1 antibody is proved by the lack of RIN1 
signal in Rin1−/− samples compared with CD1 lysates. RIN1 and GluA1 
expression during development of C57Bl/6 (B) and CD1 (C) wild-type 
neuronal cultures. (D) Alkaline phosphatase (AP) treatment of cell 
lysates abolishes anti-pS351 RIN1 precipitation. (E) Changes in the 
relative phosphorylation of the Ser351 site in RIN1 during in vitro 
development of CD1 cultures. Neuron-specific βIII-tubulin served as 
a loading control (A, D) or as an indicator of neurite development 
(B, C, E). TCL, total cell lysates.
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amount of mushroom-like spines decreased 
further when the RIN1S351A was present. 
Strikingly, in this case, the decrease in mush-
room-like spines was accompanied by an 
increase in long, filamentous protrusions 
(Figure 2, B and D). These data indicate that 
RIN1 can turn the more stable, mature 
spines with prominent spine heads into long 
and thin filamentous protrusions within 1 d 
of expression and that the phosphorylation 
at serine 351 decreases this activity.

RIN1 increases filopodial motility 
depending on the Abl kinase pathway
To investigate the activation of Abl/Arg ki-
nases by RIN1 point mutants, we trans-
fected HEK293T cells with empty EGFP vec-
tor, wild-type RIN1, or RIN1 point mutant 
RIN1S351A, RIN1QM, or RIN1E574A (Figure 2E). 
RIN1QM blocked the RIN1-dependent acti-
vation of Abl/Arg, whereas reduced 14-3-3 
binding (RIN1S351A) or lack of Rab5 GEF ac-
tivity (RIN1E574A) did not influence the phos-
phorylation of CrkL, a known downstream 
target of Abl kinases.

The elongated, thin filamentous protru-
sions in neurons are usually motile filopodia 
seeking future synaptic partners (Ziv and 
Smith, 1996; Korkotian and Segal, 2001). 
The morphology of motile filopodia and 
that of the more stable, thin spines with al-
ready established synaptic connections are 
quite similar and can be distinguished only 
by the presence of postsynaptic machinery 
within the protrusion head in fixed cultures. 
However, live-cell imaging can provide di-

rect observations on protrusion motility (Tárnok et al., 2015). There-
fore we transfected Rin1−/− neurons with fluorescently tagged RIN1 
constructs and analyzed the protrusion motility on secondary den-
dritic branches on DIV 12–13, within 24 h of posttransfection time 
(Supplemental Movies S1 and S2).

The tip of thin, elongated protrusions was marked manually on 
every consecutive frame, and average speed of tip movement 
(Figure 3A) and the covered distance in increasing time steps (cumu-
lative time-dependent displacement functions; Figure 3, B–D) were 
determined. Overexpression of wild type as well as the RIN1S351A 
mutant significantly increased the motility of the protrusions. This 
effect was completely blocked when 5 μM imatinib mesylate (also 
known as STI-571 or Gleevec), a tyrosine kinase inhibitor used in the 
treatment of multiple cancers (Savage and Antman, 2002), was ap-
plied for 1 h. Because RIN1 directly activates Abl tyrosine kinases, 
these data already indicate that elevated Abl activity is responsible 
for the observed increase in filopodial motility upon ectopic expres-
sion of RIN1 in Rin1−/− neurons. Phosphorylation of RIN1 at serine 
351, however, seems to be dispensable for filopodial motility and/or 
Abl kinase activation.

To further prove the importance of Abl kinase activation in RIN1-
controlled filopodial motility, we introduced RIN1 mutants defective 
in Abl kinase activation (RIN1QM) or modulation of Abl kinase activity 
(RIN1S292A) into Rin1−/− neurons. Strikingly, neither of these mutants 
increased filopodial motility compared with EGFP-transfected, con-
trol protrusions. On the contrary, the Rab5 GEF activity of RIN1 did 

antibody failed to precipitate RIN1 after phosphatase treatment 
(Figure 1D).

The amount of endogenous RIN1 protein and the level of pS351-
RIN1 increased during in vitro development, indicating that phos-
phorylation of the serine 351 is under continuous regulation in de-
veloping neuronal cultures (Figure 1E).

RIN1 activity decreases the ratio of mature spines
To investigate RIN1-mediated effects on dendritic development and 
spine formation, we cultivated hippocampal neurons from Rin1−/− 
embryos and transfected them with plasmids encoding enhanced 
green fluorescent protein (EGFP) or EGFP-tagged wild-type RIN1 or 
RIN1S351A. Morphology of the transfected neurons was compared 24 
h after the transfection, on DIV12–13.

Rin1−/− neurons had similar morphology to wild-type CD1 (Figure 
2A) or C57Bl/6 (unpublished data) cells and formed elaborate den-
dritic trees within the cultures. EGFP-expressing Rin1−/− neurons had 
all three main types of dendritic protrusions, namely stubby and fila-
mentous protrusions and mature, mushroom-like spines with ex-
tended dendritic spine heads (Figure 2B). Protrusion density on sec-
ondary dendrites was not affected when either wild type or the 
S351A mutant RIN1 constructs were reintroduced into the Rin1−/− 
neurons, indicating that the overall amount of dendritic protrusions 
is regulated independently of RIN1 expression (Figure 2C). How-
ever, restored RIN1 functions significantly reduced the ratio of 
mushroom-like spines within 24 h after transfection. The relative 

FIGURE 2:  (A) Representative dendritic outlines of EGFP-expressing CD1 and Rin1−/− 
hippocampal neurons on DIV13. (B) Dendritic branches of Rin1−/− hippocampal neurons 
expressing EGFP, RIN1WT-EGFP, or RIN1S351A-EGFP for 24 h. (C) Average protrusion density and 
(D) ratio of stubby, mushroom-like or filamentous spines within the transfected hippocampal 
neurons. (E) pCrkL levels in HEK293T cells transfected with EGFP-tagged wild-type RIN1, 
RIN1S351A, RIN1QM, or RIN1E574A constructs. Anti-GFP signal indicates similar expression levels of 
RIN1 constructs. α-Tubulin served as a loading control. Data are presented as mean ± SEM. 
*p < 0.05; **p < 0.01. Asterisk represents significant differences compared with control values. 
Arrows indicate filamentous protrusions; arrowheads show mushroom-type dendritic spines. 
Scale bar, 50 μm (A), 1 μm (B).
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Loss of RIN1 increases the amount 
of AMPA receptors in the plasma 
membrane
Excitatory AMPA receptors convey fast syn-
aptic transmission and play an important 
role in synaptic plasticity. The amount of sur-
face AMPA receptors is controlled by the 
balance between secretory and endocytotic 
mechanisms and can be specifically regu-
lated within minutes of neuronal plasticity 
(Derkach et al., 2007). Because RIN1 had a 
regulatory role in Rab5-dependent transfer-
rin receptor endocytosis in neurons, we 
tested whether RIN1 plays a role in the regu-
lation of AMPA receptors at the cell surface.

We examined total (TCL) and plasma 
membrane–localized (surface) GluA1 levels 
by cell surface biotinylation assay in 
DIV13–14 CD1 wild-type and Rin1−/− hip-
pocampal neuronal cultures (Figure 5, 
A–G). Owing to the lack of a suitable refer-
ence marker for the precipitation of bioti-
nylated proteins, we could not directly 
compare the amount of surface GluA1 sub-
units between Rin1−/− and CD1 cultures. 
However, by parallel detection and nor-
malization of the GluA1 signal to the neu-
ron-specific βIII-tubulin, we observed that 
the overall amount of GluA1 subunits was 
significantly reduced in Rin1−/− compared 
with CD1 cultures (Figure 5, A and B).

To compare directly the amount of functional AMPA receptors in 
the plasma membrane, we performed whole-cell voltage clamp ex-
periments in CD1 and Rin1−/− neurons in the presence of 0.5 μM 
tetrodotoxin (Figure 5, H–L). When the membrane potential of the 
recorded cells is held at −60 mV, miniature synaptic events occur 
due to the spontaneous release of glutamate, and miniature excit-
atory postsynaptic currents (mEPSCs) are generated by the activa-
tion of AMPA receptors (Lisman et al., 2007). The frequency of mEP-
SCs was slightly but not significantly decreased in Rin1−/− culture 
(see the cumulative probability functions and the median values of 
interevent intervals determined in the recorded neurons on Figure 
5, I and J). Instead, the cumulative probability distribution of mEPSC 
amplitudes in Rin1−/− neurons shifted to the right compared with 
wild-type neurons, indicating a significant increase in mEPSC ampli-
tudes (Figure 5, K and L).

On the basis of these data, we conclude that a greater amount 
of the available AMPA receptors is localized in the plasma mem-
brane of Rin1−/− neurons than in the control CD1 neurons.

AMPA receptor endocytosis is regulated by the Rab5 
GEF activity of RIN1
To analyze GluA1 subunit localization at the cellular level, we ap-
plied an antibody-feeding assay to analyze RIN1-dependent 
changes in the postsynaptic GluA1 levels. DIV13–14 living neurons 
isolated from CD1 wild-type or Rin1−/− embryos were treated with an 
antibody recognizing the extracellular N-terminus of GluA1 for 10 
min. Cells were rapidly fixed without permeabilization, and the 
bound anti-GluA1 antibody was visualized by incubation with a fluo-
rescently labeled secondary antibody. Most of the GluA1-specific 
signal was detected at the plasma membrane (Figure 6A). Postsyn-
aptic areas were visualized after permeabilization with an antibody 

not influence RIN1-evoked increase in filopodial motility, because 
the RIN1E574A point mutant also enhanced the motility of protrusions 
(Figure 3, A and D). These data prove that RIN1-mediated Abl ki-
nase activation within dendritic protrusions augments filopodial 
motility.

The Rab5 GEF activity of RIN1 regulates transferrin 
endocytosis
The Rab5 GEF activity of RIN1 regulates EphA4 receptor endo-
cytosis in neurons during the first week after plating (Deininger 
et al., 2008). To prove that RIN1 controls endocytosis in more 
developed cultured hippocampal neurons as well, we pulse-la-
beled DIV12–13 neuronal cultures with fluorescently labeled 
transferrin for 1 min and followed the internalization of the fluo-
rescent transferrin signal by a confocal microscope. As expected, 
internalization of transferrin in Rin1−/− neurons increased during 
the 1- to 5-min chasing time (Figure 4). When wild-type RIN1 
was reintroduced into Rin1−/− neurons, the rate of transferrin en-
docytosis was significantly increased after 1 min of chasing, simi-
lar to the effect induced by the RIN1S351A mutant (Figure 4B). Of 
note, endocytosis in RIN1S351A-expressing neurons was more en-
hanced after 5 min of chasing time compared with the wild-type 
RIN1. These effects were clearly dependent on the Rab5 GEF 
activity of RIN1, because the RIN1E574A mutation completely 
blocked enhanced endocytosis, whereas the RIN1QM mutation 
did not influence RIN1-mediated elevation in transferrin endocy-
tosis. Thus transferrin receptor endocytosis is regulated exclu-
sively by the Rab5 GEF activity of RIN1, whereas the Abl kinase 
pathway is not involved in this process in hippocampal neurons. 
The phosphorylation at serine 351, however, limits Rab5-medi-
ated endocytosis.

FIGURE 3:  Average tip movement within 1 min (A) and cumulative time-dependent 
displacement functions (B–D) of data obtained on filopodial motility within Rin1−/− hippocampal 
cultures transfected with the indicated EGFP-tagged constructs. Imatinib 5 μM was applied 
for 1 h before imaging (A–C). Data are presented as mean ± SEM. $p < 0.05; **,$$p < 0.01; 
***,$$$p < 0.001. Asterisk indicates difference from the EGFP values.
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phorylation at the S292 RIN1 site (RIN1S292A), and treatment of 
RIN1WT-expressing neurons with the tyrosine kinase inhibitor ima-
tinib, however, led to a similar reduction in surface GluA1 intensities 
as observed upon wild-type RIN1 expression (Figure 6B). These 
data suggest that RIN1 regulates the amount of GluA1 subunits 
within the postsynaptic sites through its Rab5 GEF activity.

Loss of surface AMPA receptors evoked by chemically 
induced long-term depression depends on the Rab5 GEF 
activity of RIN1
Brief treatment with N-methyl-d-aspartate (NMDA) strongly acti-
vates NMDA receptors, which in turn leads to a rapid and long-
lasting loss of surface AMPA receptors, providing a suitable tool to 
investigate the regulation of LTD formation (Ehlers, 2000; Snyder 
et al., 2005; Lee et al., 2014). To clarify whether RIN1 is involved in 
AMPA receptor internalization during LTD, we analyzed the changes 
in GluA1 surface distribution upon chemically induced LTD (cLTD) 
in CD1, C57Bl/6, and Rin1−/− cultures (Figures 5, A and C–G, and 6, 
C and D).

Our Western blot results clearly show that in CD1 and C57Bl/6 
cultures, cLTD treatment evoked a significant loss in the overall as 
well as in the surface GluA1 subunit levels (Figure 5, A, C, and E–G). 
Strikingly, in the absence of RIN1, neurons were not able to down-
regulate surface AMPA receptors or degrade GluA1 subunits after 
2 h of cLTD induction (Figure 5, A and D).

To corroborate the role of RIN1 in cLTD-induced elimination of 
GluA1 receptors from the plasma membrane, we performed an 
antibody-feeding assay in control CD1 and Rin1−/− neurons left un-
treated or subjected to cLTD (Figure 6, C and D). In the case of CD1 
wild-type neurons, cLTD treatment evoked a 14 ± 0.04% reduction 
(mean ± SEM) of the relative GluA1 intensity within the Shank2-
positive PSD areas compared with nontreated sister cultures 
(Figure 6C). Conversely, Rin1−/− neurons failed to show any signs of 
cLTD-induced loss of GluA1 subunits within the PSD areas (see 
EGFP values in Figure 6D), which is in agreement with the surface 
biotinylation results (Figure 5, A and D).

Previous reports demonstrated that Rab5 participates in the ac-
tivity-dependent endocytosis of AMPA receptors during LTD (Brown 
et  al., 2005). Of importance, cLTD-mediated effects on surface 
GluA1 localization were restored only when Rin1−/− neurons were 
transfected with RIN1 constructs possessing intact Rab5 GEF activ-
ity (see the RIN1WT and RIN1QM values vs. RIN1E574A and 
RIN1S351A−E574A double-mutant values in Figure 6D). Of note, cLTD 
treatment could not evoke a further drop in the relative GluA1 levels 
in Rin1−/− neurons expressing the RIN1S351A mutant (Figure 6D). This 
indicates that the lack of serine 351 phosphorylation enhances Rab5 
GEF activity to the maximal extent, which cannot be further ele-
vated by cLTD.

Taken together, our data clearly indicate that cLTD-evoked loss 
of surface AMPA receptors depends on the Rab5-GEF activity of 
RIN1.

DISCUSSION
In this study, we investigated the role of RIN1 in plasticity-related 
cellular mechanisms in hippocampal neurons. Our results show that 
RIN1 overexpression enhances dendritic filopodial motility through 
the regulation of Abl kinase activity. In addition, RIN1 controls re-
ceptor turnover through activation of Rab5 and plays a critical role 
in the endocytosis of GluA1 AMPA receptor subunits. Concomitant 
lack of RIN1 leads to elevated mEPSC amplitudes by increasing 
the surface AMPA receptor pools and abolishes the NMDA-depen-
dent down-regulation of these receptors upon chemically induced 

specific for Shank2, the main scaffold protein within the postsynap-
tic density (PSD; Naisbitt et al., 1999). GluA1 signal intensities were 
determined within the Shank2-positive areas located at the plasma 
membrane within dendritic spines or dendritic shaft synapses (indi-
cated by arrowheads and arrows, respectively, in Figure 6A). Inten-
sity values were compared only between those sister cultures that 
were labeled and stained at the same time and under identical con-
ditions (Figure 6, B–D).

When Rin1−/− neurons were transfected with fluorescently la-
beled wild-type and mutant RIN1 constructs or EGFP, reintroducing 
wild-type RIN1 into Rin1−/− neurons led to significantly decreased 
GluA1 levels within the postsynaptic Shank2-positive areas (Figure 
6, A and B). This effect was even more prominent when the RIN1S351A 
mutant was introduced into the Rin1−/− neurons (Figure 6B). The loss 
of GluA1 subunits within the postsynaptic areas was dependent on 
the Rab5 GEF activity of the transfected RIN1 constructs, because 
the expression of the RIN1E574A point mutant resulted in similar rela-
tive GluA1 values as the control, EGFP-expressing neurons. Expres-
sion of the Abl-deficient RIN1 point mutant (RIN1QM), lack of phos-

FIGURE 4:  Transferrin uptake in pulse-labeled Rin1−/− hippocampal 
neurons. (A) Fluorescently labeled transferrin signals associated with 
the plasma membrane (surface) or internalized after 1 or 5 min of 
chasing time. Red arrowheads show surface-localized transferrin 
puncta; empty arrowheads indicate internalized transferrin signals; 
dashed line indicates plasma membrane. The xyz-planes are 
represented in cut-view images (top). Scale bars, 1 μm (cut views), 
5 μm (overviews). (B) The ratio of internalized transferrin signals 
compared with the total number of transferrin-positive puncta visible 
in the equatorial plane of the neuronal soma in Rin1−/− neurons 
transfected with the indicated fluorescently tagged constructs. Data 
are presented as mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001.
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LTD. Thus our data indicate that RIN1 re-
duces synaptic strength in cultivated hippo-
campal neurons through its downstream 
targets Abl kinase and Rab5, which is in ac-
cordance with RIN1’s role in LTD formation 
or depotentiation (Dhaka et al., 2003; Bliss 
et al., 2010).

RIN1-dependent increase in dendritic fi-
lopodia motility was abolished by imatinib, 
a widely used inhibitor of Abl kinases, as 
well as by introducing the QM mutation, 
which interferes with downstream Abl ki-
nase activation (Hu et  al., 2008a). At first 
sight, these results contradict previous find-
ings obtained from fibroblasts or cancer 
cells. RIN1 has been shown to negatively 
regulate growth factor–induced cell migra-
tion depending on Abl kinase activation 
(Hu et al., 2005, 2008a; Ziegler et al., 2011; 
Balaji and Colicelli, 2013) or on competing 
with Raf kinase for binding to Ras (Wang 
et al., 2002; Balaji et al., 2012; Gerarduzzi 
et  al., 2017), indicating an actin-stabilizing 
role for RIN1. On the other hand, the struc-
ture and dynamics of actin filaments in den-
dritic filopodia differ from those of conven-
tional filopodia in many aspects: branched 
and straight actin filaments do not form a 
tight bundle and show mixed polarity 
(Hotulainen et  al., 2009; Korobova and 
Svitkina, 2010). In addition, local polymer-
ization and depolymerization rates are un-
balanced in dendritic filopodia (Tatavarty 
et al., 2012). Moreover, protrusion motility in 
dendritic filopodia is not governed primarily 
by growth factors but depends on an inter-
play among forces generated by actin retro-
grade flow, myosin contractility, and sub-
strate adhesion (Tashiro and Yuste, 2004; 
Tatavarty et al., 2012). Therefore we cannot 
exclude the possibility that besides interfer-
ing with actin dynamics, Abl kinases regu-
late filopodial motility by other means, 
including integrin signaling (Warren et  al., 
2012; Kerrisk et al., 2013).

FIGURE 5:  Analysis of AMPA receptor expression and activity at the cell surface. (A–D) Surface 
biotinylation of GluA1 subunits in CD1 and Rin1−/− hippocampal neuronal cultures. 
(A) Representative Western blots of TCLs and biotinylated samples precipitated on NeutrAvidin 
beads (surface) under control conditions or 2 h after cLTD treatment. βIII-tubulin served as a 
loading control and was absent from the precipitated samples. TCL lysates and βIII-tubulin blots 
from CD1 and Rin1−/− cultures were developed under the same conditions. In the case of 
biotinylated GluA1 subunits, exposure time for the CD1 samples was longer than in the case of 
the Rin1−/− samples. (B) Comparison of the relative GluA1 levels in TCLs from Rin1−/− or CD1 
cultures. (C, D) Changes in the relative surface-labeled GluA1 levels after cLTD treatment in CD1 
(C) or Rin1−/− (D) cultures. (E) Representative Western blot images of total GluA1 levels in 

C57Bl/6 neuronal cultures after cLTD 
induction. (F, G) Comparison of cLTD-evoked 
decrease in the total GluA1 level between 
CD1 (F) and C57Bl/6 (G) neuronal cultures. 
(H) Representative whole-cell patch clamp 
recordings obtained from CD1 or Rin1−/− 
neurons. The mEPSCs are indicated by red 
dots. (I, K) Pooled cumulative probability 
density distributions of mEPSC interevent 
intervals (IEIs) and mEPSC amplitudes, 
respectively. (J, L) Scatter plots showing the 
medians of IEIs and mEPSC amplitudes, 
respectively. Median mEPSC amplitude in 
Rin1−/− cultures is significantly higher than in 
CD1 cultures. Data are presented as mean ± 
SEM. *p < 0.05; **p < 0.01; ***p < 0.001.
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might suggest that in neurons, additional upstream regulators of 
RIN1 (e.g., growth factor signaling) participate in enhanced mem-
brane localization (Jozic et al., 2012).

RIN1-mediated effects on the maturation of dendrites or den-
dritic spines have not been addressed. Abl kinases, on the other 
hand, have been investigated in relation to neuronal motility. Abl 
tyrosine kinases positively regulated neurite outgrowth (Zukerberg 
et al., 2000; Woodring et al., 2002) as well as dendritic motility and 
sprout formation in developing hippocampal cultures (Jones et al., 
2004). These findings are in agreement with our results on RIN1-
mediated increase in dendritic filopodia motility. In addition, our 
findings indicate that RIN1S351A and RIN1WT induced Abl kinase–de-
pendent phosphorylation of CrkL to a similar level, which is in agree-
ment with a similar increase in filopodial motility evoked by these 
two proteins. Nevertheless, Arg knockdown in cultivated hippocam-
pal neurons evoked spine destabilization (Lin et al., 2013). It is im-
portant to note, however, that these investigations focused on the 
appearance or disappearance of dendritic protrusions within 1 h in-
stead of following their short-term motility changes.

The Koleske group also reported that Abl and Arg stabilize den-
drites and dendritic spines in the mouse brain, but only from early 
adulthood on (Moresco et al., 2005; Sfakianos et al., 2007; Gourley 
et al., 2012; Warren et al., 2012). Because these studies analyzed 
fixed brain tissues of knockout animals, we cannot directly compare 
them with our findings showing that RIN1 overexpression reduced 
the ratio of mushroom spines in cultivated neurons. In addition, the 
phenotype of cells with complete loss of Abl kinases is not necessar-
ily expected to be equivalent to the phenotype of cells that lost an 
Abl kinase upstream activator. Similarly, an acute perturbation of Abl 
kinase activity by the application of imatinib can lead to different 
outcomes compared with the genetic ablation of the kinases. There-
fore further studies are required to clarify the role of RIN1 in relation 
to dendritic filopodia motility, spine formation, and stabilization.

Of importance, in vitro, Arg-knockdown neurons exhibited in-
creased mEPSC amplitudes besides having a decreased frequency 
of these events (Lin et al., 2013), which resembles our electrophysi-
ological results in Rin1−/− neurons. Because Abl and Arg both modu-
late the efficiency of neurotransmitter release from the presynaptic 
terminal (Moresco et al., 2003; Xiao et al., 2016), we cannot exclude 
the possibility that the lack of RIN1 leads to alterations in the presyn-
aptic release in an Abl kinase–dependent manner. Nevertheless, our 
surface biotinylation and antibody feeding experiments clearly 
prove that RIN1 is critically involved in the control of the AMPA re-
ceptor amount within the postsynaptic plasma membrane. In addi-
tion, our data indicate that this effect depends on the Rab5 GEF 
activity of RIN1.

Dynamic trafficking and dephosphorylation of the GluA1 subunit 
of the AMPA receptor is a key event during LTD. The major subunit 
composition of AMPA receptors in hippocampal neurons are GluA1/
GluA2 heteromers, which are recruited to the synapse in an activity-
dependent manner (Huganir and Nicoll, 2013). Rab5 participates in 
the activity-dependent endocytosis of AMPA receptors from the 
synaptic membrane during LTD (Brown et al., 2005). According to 
our results, NMDA-dependent Rab5 activation within the postsyn-
aptic sites requires intact RIN1 GEF functions but is independent of 
Abl kinases because cLTD-evoked loss of surface GluA1 receptors 
was blocked in Rin1−/− neurons and rescued only by the presence of 
RIN1 constructs with a functional Rab5 GEF domain.

The amygdala plays a central role in the acquisition and extinc-
tion of fear memories (Barad et al., 2006). Regulatory endocytosis of 
AMPA receptors at functional synapses are involved in fear extinc-
tion in amygdala neurons (Kim et al., 2007; Lee et al., 2013), which 

FIGURE 6:  Anti-GluA1 antibody feeding in hippocampal neuronal 
cultures. Relative anti-GluA1 signal intensity was determined within 
Shank2-positive postsynaptic densities (PSDs) at the plasma 
membrane. (A) Representative pictures of Rin1−/− dendrites 
transfected with EGFP or EGFP-tagged RIN1WT after 10 min of 
antibody feeding with anti-GluA1. PSD was delineated based on clear 
Shank2 positivity. Arrows point at shaft synapses; arrowheads indicate 
spines. Scale bar, 1 μm. (B–D) Quantification of GluA1 signal 
intensities within Shank2-positive PSD areas in EGFP-transfected 
neurons of CD1 cultures (C) or in Rin1−/− neurons transfected with the 
indicated EGFP-tagged constructs (B, D). cLTD was evoked by 3 min 
of 50 μM NMDA treatment, and neurons were analyzed 2 h later 
(C, D). Imatinib was applied at 5 μM for 1 h (B). Data are presented 
as mean ± SEM. *,$p < 0.05; **p < 0.01; ***,$$$p < 0.001. Asterisk 
indicates difference compared with the EGFP values.

The regulation of the intracellular localization of RIN1 also dif-
fered characteristically between nonneuronal cells and cultivated 
hippocampal neurons: We could not detect an elevated plasma 
membrane–associated localization of the RIN1S351A mutant in trans-
fected neurons (Figure 2B; unpublished data) as previously reported 
in nonneuronal cells (Wang et  al., 2002; Balaji et  al., 2012). This 
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Cell cultures and transfection
Primary cultures of embryonic hippocampal 
cells were prepared from CD1, C57Bl/6, or 
Rin1−/− mice on embryonic day 17/18 ac-
cording to Czöndör et al. (2009). Cells were 
seeded onto poly-l-lysine/laminin (Sigma)–
coated glass coverslips in 24-well plates or 
into six-well plates at 1.3 × 105 or 4.5 × 105 
cells/well, respectively. For live-cell imaging 
experiments, cells were seeded into poly-l-
lysine/laminin-coated glass-bottom 35-mm 
Petri dishes (Greiner) with the same cell den-
sity. Cells were transfected using Lipo-
fectamine 2000 (Invitrogen) with the follow-
ing constructs: pEGFP-N1 (Clontech), 
pEGFP-C2 hRIN1 wt, pEGFP-C2 hRIN1 
S351A, and pEGFP-C2 hRIN1 S292A (de-
scribed in Ziegler et al., 2011). The plasmids 
encoding pEGFP-C2-hRIN1 E574A and 
pEGFP-C2-hRIN1-E574A/S351A were gen-
erated by QuikChange site-directed PCR 
mutagenesis following the manufacturer’s 
instructions (Stratagene). To generate pEGFP- 
C2-hRIN1 QM (Y36F, Y121F, Y148F, Y295F), 
the cDNA encoding hRIN1 QM (generated 
by PCR using M4-hRIN1 QM as a template) 
was subcloned into a pEGFP-C2 vector.

HEK293T cells were maintained in RPMI 
1640 medium supplemented with 10% fetal 

calf serum. Cells were transfected using TransIT293 (Mirus Bio, Mad-
ison, WI) according to the manufacturer’s instructions with the fol-
lowing constructs: pEGFP-N1, pEGFP-C2 hRIN1 wt, pEGFP-C2 
hRIN1 S351A, and pEGFP-C2-hRIN1 E574A.

Live-cell imaging and microscopy in living neurons
Live-cell imaging recordings were carried out on transfected cells. 
During imaging, cultures were kept in imaging buffer (142 mM 
NaCl, 5.4 mM KCl, 1.8 mM CaCl2, 1 mM NaH2PO4, 25 mM 
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid [HEPES], 5 mM 
glucose, 0.8 mM MgCl2; pH 7.4) at 37°C in a chamber. Spine motil-
ity was recorded using the Zeiss AxioObserver Z1 system with a Plan 
Apochromat 63×/1.3 water immersion objective and the Colibri sys-
tem. Time-lapse series were made with a frame rate of 2 s, using 
30% 488-nm LED intensity and 100-ms exposure time. Filopodial 
motility in the transfected neurons was examined by the Manual 
Tracking ImageJ plug-in (National Institutes of Health, Bethesda, 
MD). More than 180 filamentous protrusions were analyzed from 
eight independent cultures.

Whole-cell patch clamp recordings
Electrophysiological recordings of hippocampal neurons were per-
formed in whole-cell conditions under visual monitoring using a 
Zeiss A1 Axiovert 200 M microscope. The mEPSCs were recorded at 
room temperature (21–23°C) under voltage clamp conditions. Sig-
nals were amplified using a MultiClamp700B (Molecular Devices) 
and acquired at 20 kHz using the data acquisition software DASYLab, 
version 11 (National Instruments). Patch pipettes were pulled from 
standard wall glass of 1.5 mm outer diameter (Harvard Apparatus) 
and had input resistances of 7–10 MΩ. The composition of the bath 
solution (ACSF) was 140 mM NaCl, 5 mM KCl, 2 mM CaCl2, 1 mM 
MgCl2, 5 mM HEPES, and 10 mM glucose; pH 7.4. Action potential 
firing was blocked by 0.5 μM tetrodotoxin (Tocris), also eliminating 

implies that RIN1-dependent endocytosis of AMPA receptors might 
play a role in this process. Indeed, RIN1-knockout animals have defi-
cits in fear learning and extinction and were proposed as a potential 
model for posttraumatic stress disorder, characterized by enhanced 
retention of fear-related memories (Dhaka et al., 2003; Bliss et al., 
2010). RIN1 also has been implicated as a regulator of plasticity by 
inhibiting Ras/MEK/ERK-mediated pathways through a competition 
with Raf as a Ras-binding partner (Dhaka et al., 2003; Balaji et al., 
2012). Ras-dependent signaling is known to be involved in spine 
morphogenesis and compartmentalization (Arendt et al., 2004; Lee 
and Yasuda, 2009), and its deficits have been reported in relation to 
mental retardation (Hu et al., 2008b). The role of RIN1 in psychiatric 
diseases, therefore, needs further clarification.

In line with the forgoing assumptions and on the basis of our 
data, we propose the following model on how endogenous RIN1 
activity blocks the formation and maintenance of stable synaptic 
connections. In the immature and transient filopodia, RIN1 promotes 
dynamic changes through activation of Abl kinases, which regulate 
actin dynamics and integrin signaling (Figure 7A). In the case of the 
established dendritic spines, RIN1 activity decreases synaptic 
strength predominantly through its Rab5 GEF activity and is required 
for endocytosis of AMPA receptors (Figure 7B). Thus RIN1 has a pre-
dominate function in the formation of LTD in neurons.

MATERIALS AND METHODS
Animal handling
CD1, C57Bl/6, or Rin1−/− mice were housed in the animal facility at 
22 ± 1°C with 12-h light/dark cycles and ad libitum access to food 
and water. All experiments complied with local guidelines and reg-
ulations for the use of experimental animals (PEI/001/1108-4/2013 
and PEI/001/1109-4/2013), in agreement with European Union and 
Hungarian legislation or approved by the Regierungspräsidium 
Stuttgart.

FIGURE 7:  RIN1 signaling pathways in motile dendritic filopodia (A) and established spines (B). 
(A) S292 phosphorylation of RIN1 enhances the phosphorylation of the Y36 site by Abl kinases 
and leads to Abl/Arg activation via disengaged autoinhibition. In turn, Abl kinase activity 
increases actin remodeling and/or alters integrin signaling. (B) In mature spines, RIN1 is 
sequestered in the cytoplasm by 14-3-3 proteins through binding to the phosphorylated S351 
site, thereby blocking the downstream activation of Rab5. The E574 site of RIN1 is responsible 
for the Rab5 GEF activity and controls the conversion of Rab5 GDP to Rab5 GTP, leading to 
enhanced clathrin-mediated endocytosis of AMPA receptors. Both of these pathways counteract 
the stabilization of synaptic connections and decrease synaptic efficacy. PSD, postsynaptic 
density.
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the dendritic shaft using ImageJ on single z-stacks. After subtraction 
of the background fluorescence intensity, GluA1 signal intensity val-
ues were correlated to the corresponding staining intensity in con-
trol neurons, processed in an identical manner and at the same time. 
In all parallel experiments, images were recorded with the same 
microscopic settings. We analyzed 476 dendritic branches from 10 
independent cultures.

Cell surface biotinylation
To determine surface-localized GluA1 subunits of the AMPA re-
ceptor, we carried out cell surface biotinylation in CD1 and 
Rin1−/− hippocampal neuronal cultures at DIV12–14. Cells were 
rinsed in PBSCM (0.1 mM CaCl2, 1 mM MgCl2 in phosphate-
buffered saline [PBS]; pH 8.0) and incubated with 0.5 mg/ml 
sulfosuccinimidyl-2-[biotinamido]ethyl-1,3-dithiopropionate 
(EZ-LinkTM Sulfo-NHS-SS-Biotin; Thermo Scientific) for 30 min at 
4°C in PBSCM. Unreacted biotinylation reagent was quenched 
by PBSCM containing 20 mM glycine (Roth) for 2 × 7 min at 4°C. 
Cells were lysed in lysis buffer containing 1% NP-40, 0.02% SDS, 
50 mM NaF, and protease (Complete Mini Protease Inhibitor 
Cocktail; Roche) and phosphatase inhibitors (PhosSTOP Phos-
phatase Inhibitor Cocktail; Roche) in PBS. Each lysate was incu-
bated overnight with 30 µl of NeutrAvidin-coupled agarose 
beads (NeutrAvidin Agarose Resins; Thermo Scientific). Beads 
were washed with ice-cold lysis buffer, and then biotinylated 
proteins were eluted with 2× SDS sample buffer. Cell-surface or 
total protein was subjected to SDS–PAGE. 4 CD1 and 4 Rin1−/− 
independent cultures were analyzed.

Protein extraction, immunoprecipitation, and Western 
blotting
Whole-cell extracts were obtained by solubilizing primary hippo-
campal neurons in lysis buffer (50 mM Tris, pH 7.5, 150 mM NaCl, 
and 1% Triton X-100 containing protease and phosphatase inhibi-
tors). Lysates were clarified by centrifugation at 16,000 × g for 
10 min. For immunoprecipitations, equal amounts of protein were 
incubated with specific antibodies for 1.5 h on ice and then pre-
cipitated with protein G–Agarose beads (KPL) and washed three 
times with lysis buffer. Whole-cell extracts or immunoprecipitated 
proteins were subjected to SDS–PAGE and blotted onto nitrocel-
lulose or polyvinylidene difluoride (Millipore) membrane. After 
being blocked with 0.5% blocking reagent (Roche Diagnostics) in 
Tris buffer containing 0.05% Tween-20 and 0.1% NaN3, mem-
branes were probed with specific antibodies as follows: anti-
GluA1 (mouse, 1:1000; ab174785; Abcam), anti–α-tubulin (rabbit, 
1:1000; 2125; Cell Signaling), anti–βIII-tubulin (mouse, 1:5000; 
11-264-C100; Exbio), anti-RIN1 polyclonal serum 1203 (rabbit, 
1:1000; Deininger et al., 2008), anti-pCrkL (rabbit, 1:1000; 3181; 
Cell Signaling), and anti-GFP (mouse, 1:2000; 11814460001; 
Roche).

Signals were visualized with horseradish peroxidase (HRP)–
coupled secondary antibodies (1:20,000; 115-035-005 and 111-
035-003; Jackson) using the Luminata Crescendo Western HRP 
substrate (Millipore), Supersignal (TM), or West Pico (Thermo 
Scientific). Average intensity values were calculated using Image 
Studio Lite 5.0 software. The ratio of surface GluA1/total 
GluA1/βIII-tubulin signals was normalized to the average of con-
trol, non-cLTD values from samples run and developed in parallel. 
Four CD1 (eight control and nine cLTD-treated samples), three 
C57Bl/6 (five control and five cLTD-treated samples), and four 
Rin1−/− (nine control and 10 cLTD-treated samples) independent 
cultures were analyzed.

spike-mediated postsynaptic responses. Patch electrodes were 
filled with the following solution: 100 mM K-gluconate, 10 mM KCl, 
20 mM KOH, 2 mM MgCl2, 2 mM NaCl, 10 mM HEPES, 0.2 mM 
ethylene glycol tetraacetic acid, and 5 mM glucose; pH 7.3. Mem-
brane potential in voltage clamp experiments was held at −60 mV. 
Analysis of mEPSC frequency and amplitude was performed using 
software developed by A. Szu”cs (NeuroExpress). The software de-
tected mEPSC events automatically by evaluating the magnitude 
and kinetics of local current fluctuations >8 pA in amplitude. Eleven 
CD1 and 16 Rin1−/− neurons were analyzed on DIV14–15 from three 
independent cultures.

Chemical treatment, transferrin uptake, and antibody 
feeding
We carried out cLTD at 37°C. Cells were incubated in ECS buffer 
(150 mM NaCl, 2 mM CaCl2, 5 mM KCl, 10 mM HEPES, 30 mM 
glucose; pH 7.4) for 5 min. NMDA (50 μM) and glycine (1 μM) were 
applied for 3 min in ECS buffer; then the medium was changed back 
to the original medium, and cells survived for an additional 120 min. 
The tyrosine kinase inhibitor imatinib was applied 1 h earlier and 
during the experiments (5 μM imatinib mesylate; Sigma-Aldrich).

Transferrin uptake assays of living neurons were carried out with 
fluorescently labeled transferrin conjugate (50 μM, transferrin–Alexa 
546; Molecular Probes) applied for 1 min at 37°C in Hanks’ balanced 
salt solution (HBSS; Sigma-Aldrich). Neurons survived for an addi-
tional 1 or 5 min before fixation.

To analyze AMPA receptor subunit GluA1 localization and cell 
surface distribution, N-terminal–specific anti-GluA1 antibody 
(mouse, 1:100, MAB2263; Merck Millipore) was applied to living 
neurons for 10 min at 37°C in HBSS. Cultures were fixed with 4% 
paraformaldehyde for 20 min at room temperature without per-
meabilization. Anti-mouse secondary antibody labeled with Alexa 
546 (goat, 1:500, A11030; Invitrogen) was applied for 1.5 h at 
room temperature after 1 h of blocking with 2% bovine serum al-
bumin. After washing, bound secondary antibodies were fixed 
with 4% paraformaldehyde for 10 min.

Immunostaining and quantitative microscopy 
in fixed cultures
Cultures were immunostained essentially as described by Czöndör 
et al. (2009). We used 0.1% Triton-X100 to permeabilize the cultures. 
Shank2-specific primary antibody (guinea pig, 1:2000; 162 204; Syn-
aptic System) was applied overnight at 4°C. Biotinylated secondary 
antibody (anti-guinea pig, 1:1000; 706-065-148; Jackson) was de-
veloped by Cy5-conjugated streptavidin (streptavidin-Cy5, 1:500; 
016-170-081; Jackson). Coverslips were mounted with ProLong Dia-
mond Antifade Mountant (Life Technologies). Images were taken 
with an Olympus Fluoview 500 LSM IX81 microscope with a Plan 
Apochromat 60×/1.4 immersion objective, using sequential excita-
tion with 488-, 546-, and 633-nm lasers.

Transferrin signals were determined manually at the equatorial 
section of the neuronal soma by counting only those puncta that 
could be clearly determined as individual objects in the adjacent z-
stacks using the AxioVision Cut View mode. Signals were consid-
ered as plasma membrane associated when the transferrin label was 
in close proximity to the plasma membrane, delineated by EGFP 
labeling within the cytoplasm. More than 130 cells from four inde-
pendent cultures were analyzed.

GluA1 signal intensity was evaluated within the PSD areas found 
along 20-µm-long dendritic branches of transfected neurons. PSD 
area was outlined manually according to clear Shank2 immunoposi-
tivity at the plasma membrane within the dendritic spines or along 
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Statistical analyses of the data
For statistical evaluation, Student’s t test or nonparametric Mann–
Whitney tests were used. SPSS Statistics software was used to calcu-
late statistics. Data are displayed as mean ± SEM.
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