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Group I metabotropic glutamate receptors (mGluRs) function as modulators of neuronal physiology and they have also been implicated
in various neuropsychiatric disorders. Trafficking of mGluRs plays important roles in controlling the precise localization of these
receptors at specific region of the cell, as well as it regulates the activity of these receptors. Despite this obvious significance, we know very
little about the cellular machineries that control the trafficking of these receptors in the CNS. Sorting nexin 1 (SNX1) has been shown to
regulate the endosomal sorting of few cell surface receptors either to lysosomes where they are downregulated or back to the cell surface.
Using “molecular replacement” approach in hippocampal neurons derived from mice of both sexes, we show here that SNX1 plays critical
role in the trafficking of mGluR1, a member of the group I mGluR family. Overexpression of dominant-negative SNX1 or knockdown of
endogenous SNX1 resulted in the rapid recycling of the receptor. Importantly, recycling via the rapid recycling route, did not allow the
resensitization of the receptors. Our data suggest that both, N-terminal and C-terminal region of SNX1 play critical role in the normal
trafficking of the receptor. In addition, we also show here that SNX1 regulates the trafficking of mGluR1 through the interaction with Hrs
(hepatocyte growth factor-regulated tyrosine kinase substrate), a protein that has been implicated in both signaling and vesicular
trafficking. Thus, these studies reveal a mechanistic role of SNX1 in the trafficking of group I mGluRs and its physiological implications.
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Introduction
Glutamate is a major excitatory neurotransmitter in the CNS,
which acts via two types of receptors, viz., ionotropic and
metabotropic glutamate receptors (mGluRs; Pin and Duvoisin,
1995; Dhami and Ferguson, 2006; Bhattacharyya, 2016). mGluRs

have been classified into three groups (Nakanishi, 1994; Pin and
Duvoisin, 1995; Conn and Pin, 1997). Group I mGluRs are com-
prised of mGluR1, mGluR5, and they are canonically linked to
the G�q/11 heterotrimeric G-proteins (Conn and Pin, 1997; Kim
et al., 2008). These receptors have been implicated in various
forms of synaptic plasticity, as well as in various neuropsychiatric
disorders like Fragile-X syndrome, autism etc. (Huber et al.,
2002; Bear et al., 2004; Koekkoek et al., 2005; Anwyl, 2006; Dölen
et al., 2007; Citri and Malenka, 2008; Gladding et al., 2009; Mi-
chalon et al., 2012). Similar to many other GPCRs, trafficking of
these receptors is a tightly regulated process controlling the spa-
tiotemporal localization and activity of these receptors. Subse-
quent to the activation by the ligand, these receptors undergo
“desensitization”, which is a negative feedback mechanism that
protects the receptor from chronic overstimulation (Francesconi
and Duvoisin, 2000; Sallese et al., 2000; Dale et al., 2002; Dhami
and Ferguson, 2006; Bhattacharyya, 2016). Following that, they
internalize and recycle back to the cell surface, suggesting a mech-
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Significance Statement

Group I mGluRs are activated by the neurotransmitter glutamate in the CNS, and play various important roles in the brain. Similar
to many other receptors, trafficking plays crucial roles in controlling the precise localization as well as activity of these receptors.
Despite this obvious significance very little is known about the cellular machineries that control the trafficking of these receptors.
We demonstrate here, that SNX1 plays a critical role in the trafficking of mGluR1, a member of the group I mGluR family.
SNX1-mediated trafficking is critical for the resensitization of the receptor. SNX1 controls the trafficking of the receptor through
the interaction with another protein, Hrs. The results suggest a role for SNX1 in the regulation of group I mGluRs.
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anism for “resensitization” of these receptors (Mundell et al.,
2001, 2004; Choi et al., 2011; Pandey et al., 2014; Mahato et al.,
2015; Gulia et al., 2017). Despite the obvious significance of traf-
ficking of mGluRs, the molecular mechanisms underlying these
processes are not well understood.

Sorting nexins (SNXs) are a group of proteins defined by the
presence of phox homology (PX) domain. Among the members
of this group, SNX1 regulates endosome to trans-Golgi network
(TGN) retrograde transport of large number of cargos (Worby
and Dixon, 2002; Wassmer et al., 2007, 2009). However, various
reports have suggested that SNX1 could also control the traffick-
ing and sorting of some receptors through other pathways
(Worby and Dixon, 2002). For example, SNX1 has been shown to
regulate the lysosomal degradation of the protease activated re-
ceptor, epidermal growth factor receptor (EGFR), and recycling
of P2Y1 receptor (Kurten et al., 1996; Wang et al., 2002; Gullapalli
et al., 2004; Nisar et al., 2010). SNX1 has also been shown to
interact in vitro with the cytoplasmic tails of mGluR1 and
mGluR5 (Heydorn et al., 2004). In light of all the above results,
we investigated the role of SNX1, if any, in the trafficking of group
I mGluRs in primary hippocampal neurons.

We studied the role of SNX1 in ligand-mediated trafficking of
mGluR1 using a “molecular replacement” approach that allows
simultaneous shRNA-mediated acute knockdown of endoge-
nous SNX1 and expression of various forms of recombinant
SNX1 in primary hippocampal neurons (Bhattacharyya et al.,
2009; Citri et al., 2010). This approach has two important advan-
tages. First, developmental compensatory adaptations that may
occur during synaptogenesis and synapse maturation as a result
of the loss of endogenous SNX1 are minimized. Second, the func-
tion of heterologous constructs can be studied without the neces-
sity of a dominant effect as required by a standard overexpression
approach. We show here that SNX1 plays a critical role in the
trafficking of mGluR1. We observed that overexpression of
dominant-negative SNX1 or knockdown of endogenous SNX1
led to the rapid recycling of the receptor. Both, N-terminal region
and C-terminal region of SNX1 were critical for the normal traf-
ficking of the receptor. Importantly, we also show here that SNX1
regulates the trafficking of mGluR1 through the interaction with
Hrs (hepatocyte growth factor-regulated tyrosine kinase sub-
strate), a protein that has been implicated in both signaling and
vesicular trafficking (Komada and Kitamura, 1995; Komada et
al., 1997; Kwong et al., 2000). Knockdown of Hrs also resulted in
the rapid recycling of mGluR1. Finally, we show, that rapid recy-
cling of the receptor in SNX1 knockdown cells did not allow the
resensitization of the receptor.

Materials and Methods
Materials
The myc-mGluR1 construct in which the myc epitope was tagged at the
N-terminus of the full-length mGluR1 was a generous gift from Kathrine
Roche (NIH). The full-length mouse SNX1 was purchased from Origene.
The full-length myc-Hrs was a gift from Mark von Zastrow (University of
California, San Francisco). HEK293T cells were purchased from NCCS
Pune, India. Cell culture reagents were purchased from Invitrogen. Cy-
cloheximide, okadaic acid, FK-506, FUDR (floxuridine), paraformalde-
hyde (PFA), poly-D-lysine, Fluoromount aqueous mounting medium
were purchased from Sigma-Aldrich. Protein G beads were from
GenScript. R,S-DHPG [(RS)-3,5-dihydroxyphenylglycine], APV, and
DNQX (6,7-dinitroquinoxaline-2,3-dione) were obtained from Tocris
Bioscience. Tetrodotoxin (TTX) was purchased from Adooq Biosci-
ences. Fine chemicals were obtained from Life Technologies and Merck.
The primary antibodies were purchased from following companies: anti-
myc antibody from Abcam, anti-HA antibody from Roche, anti-phos-

pho-p44/42 MAPK (ERK1/2) antibody from Cell Signaling Technology,
anti-p44/42 MAPK (ERK1/2) antibody from Cell Signaling Technology,
anti-GFP antibody from Life Technologies, anti-Hrs antibody from Enzo
Life Sciences, anti-SNX1 antibody from Proteintech, anti-� actin anti-
body from Santa Cruz Biotechnology, and anti-GluA1 antibody from
Calbiochem. All secondary antibodies were purchased from Invitrogen.
ECL Western blot detection kit was obtained from GE Healthcare. ON-
TARGET plus SMARTpool siRNA against SNX1 and Hrs were obtained
from ThermoFisher Scientific Dharmacon.

Construct preparation
The shRNA against SNX1 (shSNX1) was cloned in a multipromoter
vector under the H1 promoter targeting SNX1 sequence TGAATCATC
CCACCATGTT. eGFP expression, which was under IRES, was used to
identify transfected cells. The replacement constructs were cloned
under the ubiquitin promoter of the vector containing shSNX1. These
replacement constructs include shSNX1:HA-SNX1 (full-length SNX1),
shSNX1:HA-SNX1�N (presence of amino acids 265–521 of SNX1), shSNX1:
HA-SNX1�C ( presence of amino acids 1–271 of SNX1), shSNX1:HA-
SNX1�H1 (H1 domain of SNX1, i.e., amino acids 308 –341 were
deleted), shSNX1:HA-SNX1�H2 (H2 domain of SNX1 i.e., amino acids
355–387 were deleted), shSNX1:HA-SNX1�H3 (H3 domain of SNX1,
i.e., amino acids 439 – 475 were deleted). For generation of the above
replacement constructs, silent mutations were introduced in the SNX1
target region of shSNX1. Silent mutations in the shSNX1 binding region
in the replacement SNX1 prevented the knockdown of the replacement
constructs by shSNX1 but simultaneously the endogenous SNX1 was
downregulated. All replacement constructs were tagged with the HA
epitope at the N-terminus of the protein.

Dissociated hippocampal neuron cultures
Primary hippocampal neuron cultures were prepared from P0 C57BL/6
mouse pups of both sexes, as described previously with minor changes
(Mahato et al., 2015; Gulia et al., 2017). Briefly, hippocampi were ob-
tained from P0 mouse pups and subsequently, tissue was dissociated by
papain treatment. Cells were then plated on poly-D-lysine in sodium
borate-coated coverslips (50 �g/ml poly-D-lysine � 0.1 M sodium bo-
rate) at a density of �150,000 cells per 12 mm well in a 24-well plate.
Cultures were maintained in neurobasal media with 0.5 mM glutamine
and B27 supplement. Glial growth was inhibited by adding FUDR on the
fourth day of culture.

HEK293T cell culture and transfection
HEK293T cells were cultured in DMEM supplemented with 10% FBS,
antibiotic-antimycotic mix at 37°C and 5% CO2. Transfection of the cells
was performed on 60 mm dishes coated with 50 �g/ml poly-D-lysine by
mixing 2 �g of DNA with 10 �g of Lipofectamine 2000 in 1 ml of Op-
tiMEM. Experiments in HEK293T cells were performed 24 h post-
transfection.

Transfection in primary hippocampal neurons
Primary hippocampal neurons were transfected with myc-mGluR1,
shSNX1 and various SNX1 replacement constructs at 7–9 d in vitro (DIV)
using calcium phosphate and all the experiments were performed when
the cells were at 12–15 DIV. For knockdown of SNX1 or Hrs with siRNA,
ON-TARGET plus SMARTpool siRNA against SNX1 or Hrs and scram-
bled siRNA were cotransfected with myc-mGluR1 cDNA in primary
hippocampal neurons at 8 –9 DIV using Lipofectamine 2000 following
the manufacturer’s instructions and experiments were performed in cells
at 12–14 DIV.

Experimental design and statistical analyses
Endocytosis and recycling assay. The myc-mGluR1 cDNA was cotrans-
fected with either shSNX1 or shSNX1 containing SNX1 replacement
constructs in primary hippocampal neurons. Experiments were per-
formed 4 – 6 d after transfection. Live cells were incubated with mouse
anti-myc primary antibody (1:250) for 20 min at 37°C. Subsequently,
cells were treated with 100 �M R,S-DHPG, which is a specific agonist of
group I mGluRs, for 5 min followed by incubation of the cells at 37°C for
various time periods in plain neurobasal media in the absence of the
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ligand. Cells were then fixed without permeabilization using ice-cold 4%
PFA for 15 min on ice. Surface localized receptors were labeled with
saturating concentration of goat anti-mouse AlexaFluor 568-conjugated
secondary antibody (1:100) for 1 h at 37°C. Cells were then permeabilized
with 0.1% Triton X-100 for 30 min at room temperature. The internal-
ized receptors were then labeled by the application of goat anti-mouse
AlexaFluor 647-conjugated secondary antibody (1:800) for 1 h at 37°C.
Subsequently, the cotransfected shRNA constructs containing GFP and
HA-tagged replacement constructs were stained with rabbit anti-GFP
antibody (1:500) and rat anti-HA antibody (1:500), respectively, over-
night at 4°C. After that, they were stained with appropriate AlexaFluor
488-conjugated secondary antibodies. The coverslips were mounted on
glass slides and scanned under the confocal microscope. To ensure that
the AlexaFluor 647-conjugated secondary antibody did not label any
detectable surface receptors in our assays, we performed control experi-
ments to determine the saturating concentration of the first secondary
antibody similar to that we have described in our earlier studies (Trivedi
and Bhattacharyya, 2012; Pandey et al., 2014; Mahato et al., 2015; Gulia
et al., 2017). The control experiments suggested that in our assays, Alex-
aFluor 647-conjugated secondary antibody did not label any detectable
amount of surface receptors and thus it stained the internalized receptors
only (data not shown).

The experiments involving recycling of the receptor were performed
by initially labeling the myc-mGluR1 expressing live primary hippocam-
pal neurons with anti-myc primary antibody and inducing the internal-
ization of the receptor by the application of 100 �M R,S-DHPG for 5 min
using identical protocol as described above. Subsequently, cells were in-
cubated in plain neurobasal medium for different time periods in ab-
sence of the ligand. After specific time point, cells were fixed and surface
and internalized receptors were labeled by Alexa Fluor 568-conjugated
and Alexa Fluor 647-conjugated secondary antibodies respectively, using
the same protocol as described for the endocytosis assay.

To study the ability of the mGluRs recycled via either the normal or
rapid recycling route, in the induction of the AMPAR endocytosis, we
performed the mGluR-mediated AMPAR endocytosis assay using our
previous protocol (Gulia et al., 2017). Both control cells and shSNX1
transfected cells were first treated with appropriate mixtures of antago-
nists: 1 �M TTX (presynaptic release blocker), 20 �M DNQX (antagonist
for AMPARs), and 50 �M APV (antagonist for NMDARs) for 30 min.
Subsequently, in control cells, 100 �M R,S-DHPG was applied for 5 min
to induce the internalization of group I mGluRs. Receptors were then
allowed to recycle back to the cell surface in 2.5 h following the method
described above. In another set of control cells, the recycling of the re-
ceptors was inhibited by the application of 5 nM okadaic acid and 1 �M

FK-506. Similarly, in shSNX1 transfected cells as well, 100 �M R,S-DHPG
was applied for 5 min to induce the internalization of group I mGluRs
and receptors were allowed to recycle back in 30 min following the
method described in the previous paragraph. Subsequent to the appro-
priate recycling time of the receptors (2.5 h for control cells and 30 min
for shSNX1 transfected cells), surface GluA1-containing AMPARs were
labeled in live neurons by 15 min incubation at 37°C with a rabbit poly-
clonal antibody directed against the N-terminus of the GluA1 subunit
(1:20). To measure the AMPAR endocytosis induced by the mGluRs,
when they were initially present at the cell surface in both control cells
and shSNX1 transfected cells, cells were treated with antagonists and
GluA1-containing receptors were labeled with the antibody in live cells as
described above. In all the conditions, subsequent to the labeling of
GluA1-containing receptors, 100 �M R,S-DHPG was applied for 5 min.
The agonist was removed and cells were further incubated in the presence
of the drugs for a total of 15 min at 37°C. Cells were fixed at the end of the
respective time periods in 4% PFA for 15 min on ice without permeabi-
lization and surface GluA1-containing receptors were visualized by using
saturating amount of goat anti-rabbit AlexaFluor 568-conjugated sec-
ondary antibody (1:100) followed by permeabilization of cells with 0.1%
Triton X-100 for 30 min at room temperature. The internalized GluA1-
containing receptors were then stained with goat anti-rabbit AlexaFluor
647-conjugated secondary antibody (1:750). Again, to make sure that the
AlexaFluor 647-conjugated secondary antibody did not label any detect-
able surface receptors in our assays, we determined the saturating con-

centration of the first secondary antibody through a control experiment
similar to that we have described in our earlier studies (Bhattacharyya et
al., 2009; Citri et al., 2010; Gulia et al., 2017).

Immunoprecipitation and Western blot analysis. Knockdown of endog-
enous SNX1 and Hrs was studied by transfecting primary neurons two
times with either siRNA against SNX1/Hrs (ON-TARGET plus
SMARTpool) or scrambled siRNA (si-control; Dharmacon, Thermo-
Fisher Scientific). Seventy-two hours post-transfection neurons were
lysed in RIPA lysis buffer having protease inhibitor cocktail. The samples
were then boiled in Laemmli sample buffer for 10 min and ran in SDS-
PAGE by loading an equal amount of protein in each lane. Subsequently,
they were transferred to the PVDF membrane and blocked with 5% skim
milk in 0.05% PBST for 2 h at room temperature. The membrane was
then incubated with either anti-SNX1 rabbit polyclonal antibody (1:
1000; for SNX1 staining) or anti-Hrs mouse monoclonal antibody (1:
1000; for Hrs staining) and anti �-actin (1:1000) antibody in 4°C
overnight. Membranes were washed and incubated in horseradish
peroxidase-conjugated secondary antibodies for 45 min at room temper-
ature. Blots were developed using ECL Western detection kit and images
were acquired in ImageQuant LAS 4000. For the detection of shRNA-
mediated knockdown of endogenous SNX1 and expression of replace-
ment constructs, the Western blots were performed in the similar
manner as described above by using anti-SNX1 rabbit polyclonal anti-
body (1:1000) and anti-HA rat monoclonal antibody (1:1000). �-actin
was used as a loading control.

To check for the effect of the deletion of H1, H2, and H3 domains of
SNX1 on the interaction of SNX1 with Hrs, HEK293T cells were plated
on the 60 mm culture dish. Cotransfection of HA-tagged full-length
SNX1 (shSNX1:SNX1) and mutants of SNX1 (shSNX1:SNX1�H1,
shSNX1:SNX1�H2, shSNX1:SNX1�H3) with myc-tagged Hrs was per-
formed next day. Twenty-four hours post-transfection, cells were washed
with ice-cold PBS and lysed using TAP lysis buffer (20 mM Tris, pH 8.0,
150 mM NaCl, 0.5% NP-40, 1 mM MgCl2, 1 mM Na3VO4, 1� protease
inhibitor cocktail). The lysate was centrifuged at 16,000 rpm for 15 min.
Then 50 �l of supernatant was collected as input. Immunoprecipitation
was done using HA antibody bound protein-G beads. The samples were
then subjected to SDS-PAGE electrophoresis followed by Western blot-
ting in a similar way described earlier. The immunoblotting of SNX1
mutants and Hrs protein was performed using anti-SNX1 antibody (1:
1000) and anti-myc antibody (1:1000), respectively.

The ability of the rapidly recycled mGluRs to upregulate the phos-
phorylation of ERK1/2 was investigated by transfecting the primary hip-
pocampal neurons with shSNX1. Both control cells and shSNX1
transfected cells were pre-incubated with 100 �g/ml cycloheximide for
5 h to inhibit the synthesis of new receptors. Subsequently, 100 �M R,S-
DHPG was applied for 5 min in both control cells and shSNX1 trans-
fected cells to initiate the endocytosis of mGluRs and they were allowed
to recycle back to the cell surface, in absence of the ligand, in 2.5 h (in case
of control cells) and 30 min (in case of shSNX1 transfected cells). Subse-
quently, 100 �M R,S-DHPG was again applied for 5 min. Cells were lysed
and samples were run in SDS-PAGE followed by Western blotting fol-
lowing the similar protocol described earlier. The extent of upregulation
of ERK1/2 phosphorylation by the mGluRs, when they were initially
present at the cell surface in both control cells and shSNX1 transfected
cells were measured by activating the receptors with 100 �M R,S-DHPG
for 5 min, followed by Western blotting. The immunoblotting of phos-
pho-ERK1/2 and total ERK1/2 was performed using anti-phospho-
p44/42 MAPK (ERK1/2) antibody (1:1000) and anti-p44/42 MAPK
(ERK1/2) antibody (1:1000), respectively.

Image acquisition and analysis. Cells were imaged in Zeiss LSM 780
confocal laser scanning microscope using a 63� oil-immersion objective
(NA � 1.4). In each experiment, 40 –50 primary hippocampal neurons
were imaged and each experiment was repeated at least three times.
Images from all the conditions in a particular experiment were obtained
using identical parameters. All the analyses procedures have been de-
scribed in our previous studies (Trivedi and Bhattacharyya, 2012; Pandey
et al., 2014; Mahato et al., 2015; Gulia et al., 2017). Briefly, we used raw
images for all analyses and quantitation was done using ImageJ software
(NIH; Schneider et al., 2012). Raw images were maximally projected and
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thresholded using identical values for a particular experiment. We sub-
sequently measured the thresholded areas occupied by the fluorescence
of the labeled surface and internalized receptors. The internalization
index was then calculated by dividing the value contributed by the inter-
nal fluorescence with the value contributed by the total fluorescence
(surface � internal). These values were then normalized with respect to
their controls. To measure the surface receptors in all our assays, surface
fluorescence was divided by the cell area, which was determined by mea-
suring background fluorescence using a low threshold level. These values
were then normalized to the average surface fluorescence of control cells.
All data represent dendritic values of primary hippocampal neurons,
which were defined by the area 10 �m away from the soma. The quanti-
tation of all the experiments has been represented as a combination of
results from all three repeats of that particular experiment. The raw
images were processed in Adobe Photoshop software using identical val-
ues of brightness and contrast to obtain the representative images. All the
Western blots and immunoprecipitation experiments were also quanti-
fied using ImageJ software.

Statistical analysis
For each experiment 40 –50 primary hippocampal neurons were imaged
and each experiment was repeated three times. Data are presented as
mean � SEM. Experimental group results were compared with each
other using Student’s t test or one-way ANOVA followed by Tukey’s
post-test. p � 0.05 was considered as nonsignificant.

Results
SNX1 modulates the recycling of mGluR1
Endocytosis of the receptor from the cell surface subsequent to its
activation is critical for the regulation of GPCR activity. Subse-
quent to the internalization, GPCRs can have various subcellular
fates. Some GPCRs recycle back to the cell surface, whereas others
enter the lysosome following endocytosis for degradation (Drake
et al., 2006). Similar to many other GPCRs, mGluR1 also under-
goes rapid internalization following ligand exposure (Iacovelli et
al., 2003; Pandey et al., 2014; Gulia et al., 2017). Subsequently, the
receptor recycles back to the cell surface (Pandey et al., 2014). The
cellular and molecular mechanisms that govern mGluR1 recy-
cling are poorly understood. To investigate whether SNX1 could
play any role in the trafficking of group I mGluRs, we studied the
ligand-induced trafficking of myc-mGluR1 in presence of SNX1
C-terminus coiled-coil domain that functions in a dominant-
negative manner. SNX1 C-terminus encodes a coiled-coil do-
main (SNX1-CC) that assembles with endogenous SNX1 to
function as a dominant-negative (Wang et al., 2002). We initially
checked for the effect of SNX1-CC overexpression on the surface
expression of myc-mGluR1. Overexpression of SNX1-CC had no
effect on the surface expression of myc-mGluR1 in primary hip-
pocampal neurons (control: 1 � 0.04; SNX1-CC: 1 � 0.05; p �
0.996 between control and SNX1-CC, unpaired t test; Fig. 1A,B).
To investigate whether the dominant-negative SNX1 plays any
role in the trafficking of myc-mGluR1, primary hippocampal
neurons were cotransfected with myc-mGluR1 and SNX1-CC
constructs. Live cells expressing myc-mGluR1 were stained with
anti-myc primary antibody. Subsequent application of 100 �M

R,S-DHPG, which acts as an agonist of mGluR1, led to the inter-
nalization of myc-mGluR1 at 30 min in control cells, whereas
cells expressing SNX1-CC did not show significant internalized
receptors on 100 �M R,S-DHPG application at 30 min time point
and most of the receptors were observed to be localized at the cell
surface (control: 1 � 0.09; control � DHPG: 2.3 � 0.16; SNX1-
CC: 1 � 0.07; SNX1-CC � DHPG: 1.1 � 0.1; p � 1.105 � 10	9

between control and control � DHPG; p � 0.585 between
SNX1-CC and SNX1-CC � DHPG; one-way ANOVA followed
by Tukey’s post-test; Fig. 1C,D). We chose 30 min as the time point

since our previous study suggested that R,S-DHPG-mediated inter-
nalization of myc-mGluR1 reached maximum level at 30 min post-
ligand application (Pandey et al., 2014). These results suggest that
expression of dominant-negative SNX1 either inhibits the ligand-
mediated internalization of myc-mGluR1 or the receptor recycles
back faster to the cell surface in 30 min in presence of SNX1-CC.

To determine whether overexpression of SNX1-CC led to the
inhibition in the R,S-DHPG-mediated internalization of myc-
mGluR1 or it resulted in the rapid recycling of the receptor to the
cell surface, we performed time course of endocytosis experi-
ment. Control cells expressing myc-mGluR1 were treated with
anti-myc primary antibody. Subsequently, application of 100 �M

R,S-DHPG led to the rapid internalization of the receptor and the
amount of myc-mGluR1 internalization increased over time till
30 min post-ligand application (untreated: 1 � 0.07; 5 min:
1.55 � 0.07; 15 min: 1.78 � 0.09; 30 min: 2.46 � 0.11; p �
9.034 � 10	7 between untreated and 5 min; p � 3.232 � 10	9

between untreated and 15 min; p � 1.374 � 10	18 between un-
treated and 30 min; one-way ANOVA followed by Tukey’s post-
test; Fig. 1E,F). Quantitation of the receptors present at the cell
surface also showed corresponding decrease in the receptor level
from the cell surface on application of 100 �M R,S-DHPG over
time (untreated: 1 � 0.05; 5 min: 0.82 � 0.07; 15 min: 0.59 �
0.05; 30 min: 0.47 � 0.05; p � 0.034 between untreated and 5
min; p � 3.478 � 10	7 between untreated and 15 min; p �
5.072 � 10	10 between untreated and 30 min; one-way ANOVA
followed by Tukey’s post-test; Fig. 1G). Importantly, in SNX1-
CC-expressing cells myc-mGluR1 internalized on application of
100 �M R,S-DHPG, but recycled back to the cell surface at 30 min
(untreated: 1 � 0.07; 5 min: 2.38 � 0.08; 15 min: 1.93 � 0.1; 30
min: 1 � 0.08; p � 1.428 � 10	20 between untreated and 5 min;
p � 1.592 � 10	10 between untreated and 15 min; p � 0.911
between untreated and 30 min; one-way ANOVA followed by
Tukey’s post-test; Fig. 1E,H). Measurement of the surface myc-
mGluR1 also showed recovery of the surface fluorescence at the
untreated level, 30 min after R,S-DHPG-mediated internaliza-
tion of the receptor (untreated: 1 � 0.05; 5 min: 0.61 � 0.05; 15
min: 0.72 � 0.06; 30 min: 0.9 � 0.05; p � 7.427 � 10	7 between
untreated and 5 min; p � 0.00104 between untreated and 15 min;
p � 0.318 between untreated and 30 min; one-way ANOVA fol-
lowed by Tukey’s post-test; Fig. 1I). It has been reported earlier
that myc-mGluR1 normally recycles back to the cell surface at
2.5 h subsequent to the R,S-DHPG-mediated internalization
(Pandey et al., 2014). Thus, these results suggest that in presence
of dominant-negative SNX1 myc-mGluR1 undergoes faster recy-
cling as compared with in control cells.

Knockdown of SNX1 results in the faster recycling of mGluR1
Our earlier experiments suggested that overexpression of
dominant-negative SNX1 altered the trafficking of mGluR1. We
further confirmed the role of SNX1 in the trafficking of mGluR1
by acute knockdown of endogenous SNX1 in primary hippocam-
pal neurons. Primary hippocampal neurons were cotransfected
with myc-mGluR1 cDNA and siRNA against endogenous SNX1
(si-SNX1; ON-TARGET plus) or scrambled siRNA (si-control)
at 8 –9 DIV. Experiments were performed when the cells were at
12–13 DIV according to the method described in Materials and
Methods. The si-SNX1 efficiently knocked down the endogenous
SNX1, whereas the si-control did not show any significant knock-
down (control: 1 � 0.1; si-SNX1: 0.55 � 0.16; si-control: 1.06 �
0.1; p � 0.024 between control and si-SNX1; p � 0.706 between
control and si-control; one-way ANOVA followed by Tukey’s
post-test; Fig. 2A,B). Acute knockdown of endogenous SNX1 did
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not affect the surface expression of myc-mGluR1 in primary hip-
pocampal neurons (control: 1 � 0.05; si-SNX1: 0.9 � 0.06; si-
control: 1 � 0.08; p � 0.217 between control and si-SNX1; p �
0.755 between control and si-control; one-way ANOVA followed
by Tukey’s post-test; Fig. 2C,D). Importantly, knockdown of en-

dogenous SNX1 resulted in the rapid recycling of myc-mGluR1
subsequent to the 100 �M R,S-DHPG-mediated internalization
of the receptor. The receptor internalized normally upon appli-
cation of 100 �M R,S-DHPG and the extent of internalization
increased gradually over time till 30 min in control cells as well as

Figure 1. Overexpression of dominant-negative SNX1 (SNX1-CC) results in the faster recycling of mGluR1. A, Representative images show that overexpression of SNX1-CC domain had no effect
on the surface expression of myc-mGluR1. B, Quantitation of the effect of SNX1-CC overexpression on the surface expression of myc-mGluR1. C, Overexpression of SNX1-CC domain affected the
ligand-mediated trafficking of myc-mGluR1 as shown in representative images. D, Quantitation also shows that SNX1-CC overexpression led to the altered trafficking of myc-mGluR1. E, Represen-
tative images showing the kinetics of ligand-induced trafficking of myc-mGluR1 in control and SNX1-CC overexpressed cells. F, G, In control cells, upon application of 100 �M R,S-DHPG internal-
ization of myc-mGluR1 progressively increased till 30 min as shown by the quantitation of the endocytosis (F ) as well as measurement of the surface myc-mGluR1 (G). H, I, On the other hand, in cells
overexpressing SNX1-CC domain, the receptor showed maximum endocytosis at 5 min after 100 �M R,S-DHPG application and recycled back to the cell surface at 30 min, as shown by the quantitation
of the endocytosis (H ) and surface localized myc-mGluR1 (I ). Results are presented as mean � SEM collected from three independent experiments. Scale bar, 10 �m. ***p 
 0.001, **p 
 0.01,
*p 
 0.05; n.s., p � 0.05.
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in si-control transfected cells, whereas, in si-SNX1 transfected
cells the receptor recycled back faster, i.e., in 30 min after 100 �M

R,S-DHPG application (control:: untreated: 1 � 0.06; 5 min:
1.28 � 0.08; 15 min: 1.77 � 0.11; 30 min: 1.99 � 0.08; p � 0.006

between untreated and 5 min; p � 1.984 � 10	9 between un-
treated and 15 min; p � 5.92 � 10	18 between untreated and 30
min; one-way ANOVA followed by Tukey’s post-test; si-SNX1::
untreated: 1 � 0.09; 5 min: 2.08 � 0.09; 15 min: 1.76 � 0.09; 30

Figure 2. Knockdown of endogenous SNX1 results in the faster recycling of mGluR1. A, B, Western blot analyses (A) and quantitation of the Western blots (B), confirming that the endogenous
SNX1 was efficiently knocked down by si-SNX1 in primary neurons. C, Representative images show that acute knockdown of endogenous SNX1 had no effect on the surface expression of
myc-mGluR1. D, Quantitation of the effect of SNX1 knockdown on the surface expression of myc-mGluR1. E, Representative images showing that knockdown of endogenous SNX1 resulted in the
recycling of myc-mGluR1 within 30 min after 100 �M R,S-DHPG application, whereas in control cells and si-control treated cells the receptor showed progressive increase in the internalization till 30
min post-ligand application. F1, F2, Quantitation of the endocytosis (F1) and surface myc-mGluR1 (F2) also suggested that in control cells the receptor showed maximum endocytosis at 30 min
post-ligand application. G1, G2, Importantly, acute knockdown of endogenous SNX1 resulted in the recycling of the receptor to the cell surface within 30 min after 100 �M R,S-DHPG application as
shown by the quantitation of the endocytosis (G1) and measurement of surface localized myc-mGluR1 (G2). H1, H2, Measurement of the endocytosis (H1) and surface myc-mGluR1 (H2) suggested
that 100 �M R,S-DHPG induced trafficking of myc-mGluR1 in si-control treated cells was similar to the control cells. Results are presented as mean � SEM collected from three independent
experiments. Scale bar, 10 �m. ***p 
 0.001, ** p 
 0.01, *p 
 0.05; n.s., p � 0.05.
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min: 0.92 � 0.06; p � 4.015 � 10	12 between untreated and 5
min; p � 2.228 � 10	7 between untreated and 15 min; p � 0.49
between untreated and 30 min; one-way ANOVA followed by
Tukey’s post-test; si-control:: untreated: 1 � 0.09; 5 min: 1.46 �
0.1; 15 min: 1.83 � 0.11; 30 min: 2.28 � 0.21; p � 0.002 between
untreated and 5 min; p � 1.631 � 10	7 between untreated and 15
min; p � 9.28 � 10	7 between untreated and 30 min; one-way
ANOVA followed by Tukey’s post-test; Fig. 2E,F1,G1,H1). Mea-
surement of the surface receptors also showed gradual decrease of
the receptors from the cell surface on application of 100 �M R,S-
DHPG till 30 min in both control cells and si-control transfected
cells, whereas, in si-SNX1 transfected cells recovery of surface
fluorescence was observed at 30 min post-ligand application
(control:: untreated: 1 � 0.05; 5 min: 0.83 � 0.07; 15 min: 0.63 �
0.07; 30 min: 0.5 � 0.04; p � 0.042 between untreated and 5 min;
p � 6.634 � 10	5 between untreated and 15 min; p � 3.07 �
10	13 between untreated and 30 min; one-way ANOVA followed
by Tukey’s post-test; si-SNX1:: untreated: 1 � 0.07; 5 min: 0.64 �
0.06; 15 min: 0.78 � 0.06; 30 min: 1 � 0.06; p � 1.977 � 10	4

between untreated and 5 min; p � 0.021 between untreated and
15 min; p � 0.979 between untreated and 30 min; one-way
ANOVA followed by Tukey’s post-test; si-control:: untreated:
1 � 0.08; 5 min: 0.75 � 0.09; 15 min: 0.63 � 0.07; 30 min: 0.43 �
0.05; p � 0.046 between untreated and 5 min; p � 9.864 � 10	4

between untreated and 15 min; p � 1.107 � 10	7 between un-

treated and 30 min; one-way ANOVA followed by Tukey’s post-
test; Fig. 2E,F2,G2,H2). These results suggest that SNX1 plays a
critical role in the ligand-mediated trafficking of group I mGluRs.

Role of SNX1 domains in the trafficking of mGluR1
To study the role of various domains and regions of SNX1 in the
trafficking of mGluR1, we used molecular replacement strategy
that allows simultaneous shRNA-mediated acute knockdown of
endogenous SNX1 and expression of mutant forms of recombi-
nant SNX1 in primary hippocampal neurons. There are two
important advantages to this approach. First, possibility of com-
pensatory adaptations during synaptogenesis and synapse matu-
ration due to the absence of the protein of interest are minimal.
Second, the function of the protein of interest can be studied
without having a dominant effect as required by a standard over-
expression approach. We initially tested the consequences of
acutely knocking down the endogenous SNX1 using a shRNA
(shSNX1) on the ligand-mediated trafficking of mGluR1. This
shSNX1 construct was highly effective, as evidenced by the effi-
cient knockdown of endogenous SNX1 measured through West-
ern blot 3– 4 d after transfection (control: 1 � 0.13; shSNX1:
0.25 � 0.01; shSNX1:SNX1: 1.08 � 0.16; p � 0.029 between
control and shSNX1; p � 0.723 between control and shSNX1:
SNX1; one-way ANOVA followed by Tukey’s post-test; Fig.
3A,B). Consistent with the effect that we observed after knocking

Figure 3. Replacement of endogenous SNX1 with wild-type SNX1 rescues normal trafficking of mGluR1. A, B, Western blot (A) and quantitation of the Western blots (B), showing the efficient
knock-down of endogenous SNX1 by shSNX1 and replacement of the endogenous SNX1 with full-length SNX1. C, Representative cells showing that knockdown of endogenous SNX1 with shSNX1 and
expression of the wild-type SNX1 replacement construct had no effect on the surface expression of myc-mGluR1. D, Quantitation of surface myc-mGluR1 following knockdown and replacement of
endogenous SNX1. E, Representative examples of surface and internalized myc-mGluR1, 30 min after 100 �M R,S-DHPG application in control cells, shSNX1-expressing cells, shSNX1 and wild-type
SNX1-expressing cells. F, Quantitation suggested that knockdown of endogenous SNX1 resulted in the rapid recycling of myc-mGluR1 and expression of wild-type SNX1 rescued the normal
trafficking of the receptor. Results are presented as mean � SEM collected from three independent experiments. Scale bar, 10 �m. ***p 
 0.001, *p 
 0.05; n.s., p � 0.05.
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down of endogenous SNX1 by siSNX1, shRNA-mediated knock-
down of SNX1 also did not have any effect on the surface expres-
sion of myc-mGluR1. In addition, simultaneous expression of
both shSNX1 and HA-tagged wild-type SNX1 also had no effect
on the surface expression of myc-mGluR1 (control: 1.0 � 0.09;
shSNX1: 1 � 0.08; shSNX1:SNX1: 0.9 � 0.06; p � 0.787 between
control and shSNX1; p � 0.232 between control and shSNX1:
SNX1; one-way ANOVA followed by Tukey’s post-test; Fig.
3C,D). We next investigated the effect of the knockdown of en-
dogenous SNX1 on the ligand-mediated trafficking of myc-
mGluR1. We found that knockdown of endogenous SNX1
resulted in the rapid recycling of myc-mGluR1 (control: 1 � 0.08;
control � DHPG: 1.8 � 0.1; shSNX1 � DHPG: 1 � 0.05, p �
8.939 � 10	8 between control and control � DHPG; p �
2.004 � 10	10 between control � DHPG and shSNX1 � DHPG;
one-way ANOVA followed by Tukey’s post-test; Fig. 3E,F). Re-
placement of the endogenous SNX1 with wild-type SNX1 res-
cued the normal trafficking of the receptor, as was evident by the
presence of the endocytosed receptors at the intracellular com-
partments at 30 min after 100 �M R,S-DHPG application
(shSNX1:SNX1 � DHPG: 1.9 � 0.1; p � 0.494 between control
� DHPG and shSNX1:SNX1 � DHPG; one-way ANOVA fol-

lowed by Tukey’s post-test; Fig. 3E,F), indicating that the ob-
served phenotype was not due to some nonspecific effects of
shSNX1.

SNXs proteins are defined by the presence of a PX domain
predicted to bind phosphatidylinositol-3-phosphate and a
C-terminal coiled-coil region. To determine the role of SNX1 in
group I mGluR trafficking, we first studied the effect of various
deletion mutants of SNX1 in mGluR1 trafficking. To examine,
whether the N-terminal region of SNX1 plays any role in the
trafficking of group I mGluRs, we first replaced the endogenous
SNX1 with a form of SNX1 lacking the N-terminal region
(SNX1�N). SNX1�N was observed to have normal expression
levels in primary neurons (control: 1 � 0.14; shSNX1: 0.23 �
0.003; shSNX1: SNX1�N: 1 � 0.09; p � 0.031 between control
and shSNX1; p � 0.967 between control and shSNX1: SNX1�N;
one-way ANOVA followed by Tukey’s post-test; Fig. 4A,B).
Knockdown of endogenous SNX1 and expression of shSNX1:
SNX1�N did not have any effect on the surface expression of
myc-mGluR1 (control: 1.0 � 0.04; shSNX1: 1 � 0.07; shSNX1:
SNX1�N: 0.9 � 0.05; p � 0.663 between control and shSNX1;
p � 0.351 between control and shSNX1:SNX1�N; one-way
ANOVA followed by Tukey’s post-test; Fig. 4C,D). However, un-

Figure 4. N-terminal domain of SNX1 is required for the normal trafficking of mGluR1. A, B, Western blot (A) and quantitation of the Western blots (B), showing the effective knockdown of
endogenous SNX1 by shSNX1 and expression of the SNX1�N replacement construct. C, D, Representative images (C) and quantitation (D) showing that expression of shSNX1 and shSNX1:SNX1�N
had no effect on the surface expression of myc-mGluR1. E, F, Representative cells (E) and quantitation (F ) of 100 �M R,S-DHPG-induced trafficking of myc-mGluR1 suggested that, knockdown of
endogenous SNX1 led to the rapid recycling of myc-mGluR1 in 30 min post-ligand application, and expression of SNX1�N replacement construct did not rescue the normal trafficking of the receptor.
Results are presented as mean � SEM collected from three independent experiments. Scale bar, 10 �m. ***p 
 0.001, * p 
 0.05; n.s., p � 0.05.
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like wild-type SNX1, SNX1�N did not rescue the normal recy-
cling of myc-mGluR1 and the receptor still showed rapid
recycling in shSNX1:SNX1�N-expressing cells similar to what
was observed in cells where endogenous SNX1 was knocked
down (control: 1 � 0.04; control � DHPG: 2 � 0.09; shSNX1 �
DHPG: 1 � 0.06; shSNX1:SNX1�N � DHPG: 0.9 � 0.04; p �
1.715 � 10	13 between control and control � DHPG; p �
2.591 � 10	13 between control � DHPG and shSNX1 � DHPG;
p � 1.998 � 10	15 between control � DHPG and shSNX1:
SNX1�N � DHPG; one-way ANOVA followed by Tukey’s post-
test; Fig. 4E,F). Subsequently, we studied the role of the
C-terminal region of SNX1 in the trafficking of mGluR1 by re-
placing the wild-type SNX1 with a form of SNX1 lacking the
C-terminal region (SNX1�C). Similar to other constructs of
SNX1, SNX1�C also appeared to express properly as observed by
the Western blot (control: 1 � 0.05; shSNX1: 0.38 � 0.09;
shSNX1: SNX1�C: 0.95 � 0.11; p � 0.025 between control and
shSNX1; p � 0.694 between control and shSNX1: SNX1�C; one-
way ANOVA followed by Tukey’s post-test; Fig. 5A,B). Expres-
sion of this replacement construct (shSNX1:SNX1�C) had no
effect on the surface expression of myc-mGluR1 (control: 1.0 �
0.03; shSNX1: 1 � 0.04; shSNX1:SNX1�C: 1 � 0.05; p � 0.861

between control and shSNX1; p � 0.505 between control and
shSNX1:SNX1�C; one-way ANOVA followed by Tukey’s post-
test; Fig. 5C,D). Similar to the N-terminal deleted SNX1,
SNX1�C also did not rescue the normal recycling of myc-
mGluR1 and the receptor recycled back in 30 min post-ligand-
application similar to what was observed in SNX1 knockdown
cells (control: 1 � 0.04; control � DHPG: 1.9 � 0.07; shSNX1 �
DHPG: 1 � 0.04; shSNX1:SNX1�C � DHPG: 1.1 � 0.05; p �
1.998 � 10	15 between control and control � DHPG; p �
1.998 � 10	15 between control � DHPG and shSNX1 � DHPG;
p � 1.019 � 10	12 between control � DHPG and shSNX1:
SNX1�C � DHPG; one-way ANOVA followed by Tukey’s post-
test; Fig. 5E,F). These results suggest that both N-terminal region
as well as the C-terminal region of SNX1 play critical role in the
normal trafficking of mGluR1.

C-terminal SH3 domains of SNX1 play critical role in the
trafficking of mGluR1
Our earlier data suggested that the C-terminal region of SNX1
plays important role in the trafficking of mGluR1. SNX1 contains
three putative SH3 domain-binding motifs (H1, H2, and H3) at
the C-terminal region. Through these domains, SNX1 could po-

Figure 5. C-terminal domain of SNX1 plays critical role in the normal trafficking of mGluR1. A, B, Acute knockdown of endogenous SNX1 and replacement of endogenous SNX1 with SNX1�C, as
shown by the Western blot (A) and quantitation of the Western blots (B). C, D, Representative images (C) and quantitation (D) showing no effect on the surface expression of myc-mGluR1 in shSNX1
and shSNX1:SNX1�C transfected primary hippocampal neurons. E, F, Representative images (E) and quantitation (F ) suggested that knockdown of endogenous SNX1 resulted in the rapid recycling
of myc-mGluR1 in 30 min post-ligand application, and replacement of endogenous SNX1 with SNX1�C failed to rescue the normal trafficking of the receptor. Results are presented as mean � SEM
collected from three independent experiments. Scale bar, 10 �m. ***p 
 0.001, *p 
 0.05; n.s., p � 0.05.
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tentially interact with multiple proteins or be involved in the
formation of multiprotein complexes via various kinds of inter-
actions. In fact, it has been reported that through these domains
SNX1 interacts with Hrs, a protein that has been implicated in
both signaling and vesicular trafficking (Chin et al., 2001). To
ascertain the role of these domains in the trafficking of group I
mGluRs, if any, we made SNX1 replacement constructs viz.,
shSNX1:SNX1�H1, shSNX1:SNX1�H2, and shSNX1:SNX1�H3
lacking the H1, H2, and H3 domains, respectively, and studied their
effect on the trafficking of mGluR1. Deletion of these domains of
SNX1 individually had no effect on the surface expression of myc-
mGluR1 (control: 1.0 � 0.04; shSNX1: 0.94 � 0.04; shSNX1:
SNX1�H1: 1 � 0.05; shSNX1:SNX1�H2: 1 � 0.06; shSNX1:
SNX1�H3: 1 � 0.07; p � 0.312 between control and shSNX1; p �
0.459 between control and shSNX1:SNX1�H1; p � 0.877 be-
tween control and shSNX1:SNX1�H2; p � 0.685 between con-
trol and shSNX1:SNX1�H3; one-way ANOVA followed by
Tukey’s post-test; Fig. 6A,B). However, unlike wild-type SNX1,
SNX1�H2 and SNX1�H3 did not rescue the normal recycling of
myc-mGluR1. In shSNX1:SNX1�H2 and shSNX1:SNX1�H3
transfected cells the receptors recycled back to the cell surface in
30 min post-ligand application, similar to what was observed in
shSNX1 transfected cells. On the other hand, SNX1�H1 replace-
ment construct rescued the normal trafficking of myc-mGluR1 as
observed by the presence of the internalized receptors at 30 min
post-ligand-application, similar to that was observed in control
cells (control: 1 � 0.04; control � DHPG: 2.28 � 0.09; shSNX1 �
DHPG: 1 � 0.05; shSNX1:SNX1�H1 � DHPG: 2.26 � 0.13;
shSNX1:SNX1�H2 � DHPG: 1 � 0.05; shSNX1:SNX1�H3 �
DHPG: 1 � 0.08; p � 3.393 � 10	24 between control and control �
DHPG; p � 5.818 � 10	22 between control � DHPG and
shSNX1 � DHPG; p � 0.882 between control � DHPG and
shSNX1:SNX1�H1 � DHPG; p � 2.292 � 10	17 between con-
trol � DHPG and shSNX1:SNX1�H2 � DHPG; p � 9.239 �
10	17 between control � DHPG and shSNX1:SNX1�H3 �
DHPG; one-way ANOVA followed by Tukey’s post-test; Fig.
6C,D). All these replacement constructs showed normal expres-
sion levels in Western blot (control: 1 � 0.09; shSNX1: 0.39 �
0.05; shSNX1:SNX1�H1: 1.1 � 0.06; shSNX1:SNX1�H2: 1 �
0.01; shSNX1:SNX1�H3: 0.96 � 0.09; p � 0.029 between control
and shSNX1; p � 0.462 between control and shSNX1:SNX1�H1;
p � 0.934 between control and shSNX1:SNX1�H2; p � 0.789
between control and shSNX1:SNX1�H3; one-way ANOVA
followed by Tukey’s post-test; Fig. 6 E, F ). These results sug-
gest that the H2 and H3 domains in the C-terminal region of
SNX1 play critical role in the ligand-mediated trafficking of
mGluR1. Because an earlier report has suggested that SNX1
interacts with Hrs through its C-terminal region and Hrs has
been implicated in vesicular trafficking, we investigated
whether binding of SNX1 and Hrs is important for the ligand-
mediated trafficking of mGluR1. Our data suggested that de-
letion of H2 and H3 domains of SNX1 also disrupted binding
of Hrs to SNX1, suggesting that the interaction of SNX1 with
Hrs is critical for the trafficking of mGluR1 (Hrs � SNX1: 1 �
0.06; Hrs � SNX1�H1: 1 � 0.13; Hrs � SNX1�H2: 0.43 �
0.13; Hrs � SNX1�H3: 0.12 � 0.01; p � 0.935 between Hrs �
SNX1 and Hrs � SNX1�H1; p � 0.017 between Hrs � SNX1
and Hrs � SNX1�H2; p � 0.0002 between Hrs � SNX1 and
Hrs � SNX1�H3; one-way ANOVA followed by Tukey’s post-
test; Fig. 6G,H ).

Role of Hrs in the ligand-mediated trafficking of mGluR1
Thus far, our results suggested that interaction of SNX1 with Hrs
is critical for the normal ligand-mediated trafficking of mGluR1.
To determine whether Hrs plays any role in the trafficking of
mGluR1, we knocked down the endogenous Hrs in primary hip-
pocampal neurons. Briefly, cells were cotransfected with myc-
mGluR1 cDNA and siRNA against endogenous Hrs (si-Hrs;
ON-TARGET plus) or scrambled siRNA (si-control) at 8 –9 DIV.
Subsequently, experiments were conducted when the cells were at
12–13 DIV. The si-Hrs efficiently knocked down the endogenous
Hrs in primary neurons (control: 1 � 0.03; si-Hrs: 0.42 � 0.07;
si-control: 1.08 � 0.15; p � 0.016 between control and si-Hrs;
p � 0.644 between control and si-control; one-way ANOVA fol-
lowed by Tukey’s post-test; Fig. 7A,B). The acute knockdown of
Hrs did not have any effect on the surface expression of myc-
mGluR1 (control: 1 � 0.04; si-Hrs: 1 � 0.03; si-control: 0.98 �
0.06; p � 0.715 between control and si-Hrs; p � 0.791 between
control and si-control; one-way ANOVA followed by Tukey’s
post-test; Fig. 7C,D). Importantly, the receptor recycled back
faster i.e., in 30 min after 100 �M R,S-DHPG application in si-Hrs
transfected cells. On the other hand, in both control cells as well
as in si-control transfected cells myc-mGluR1 was observed to be
in the internal compartment at 30 min post-ligand-application
(control:: untreated: 1 � 0.05; 5 min: 1.48 � 0.07; 15 min: 2.04 �
0.09; 30 min: 2.5 � 0.08; p � 2.379 � 10	8 between untreated
and 5 min; p � 8.801 � 10	19 between untreated and 15 min; p �
2.136 � 10	34 between untreated and 30 min; one-way ANOVA
followed by Tukey’s post-test; si-Hrs:: untreated: 1 � 0.04; 5 min:
2.54 � 0.06; 15 min: 1.68 � 0.07; 30 min: 1.07 � 0.04; p �
3.829 � 10	31 between untreated and 5 min; p � 6.454 � 10	12

between untreated and 15 min; p � 0.295 between untreated and
30 min; one-way ANOVA followed by Tukey’s post-test; si-con-
trol:: untreated: 1 � 0.07; 5 min: 1.61 � 0.1; 15 min: 2.11 � 0.11;
30 min: 2.54 � 0.17; p � 1.313 � 10	6 between untreated and 5
min; p � 7.717 � 10	13 between untreated and 15 min; p �
1.487 � 10	12 between untreated and 30 min; one-way ANOVA
followed by Tukey’s post-test; Fig. 7E,F1,G1,H1). Measurement
of the surface receptors also showed gradual decrease of the re-
ceptors from the cell surface on application of 100 �M R,S-DHPG
till 30 min in both control cells and si-control transfected cells,
whereas in si-Hrs transfected cells the surface fluorescence recov-
ered at 30 min (control:: untreated: 1 � 0.04; 5 min: 0.79 � 0.04;
15 min: 0.61 � 0.04; 30 min: 0.44 � 0.03; p � 1.313 � 10	4

between untreated and 5 min; p � 8.135 � 10	12 between un-
treated and 15 min; p � 6.099 � 10	26 between untreated and 30
min; one-way ANOVA followed by Tukey’s post-test; si-Hrs::
untreated: 1 � 0.03; 5 min: 0.47 � 0.03; 15 min: 0.68 � 0.03; 30
min: 0.94 � 0.03; p � 5.221 � 10	22 between untreated and 5
min; p � 3.308 � 10	12 between untreated and 15 min; p � 0.159
between untreated and 30 min; one-way ANOVA followed by
Tukey’s post-test; si-control:: untreated: 1 � 0.06; 5 min: 0.73 �
0.07; 15 min: 0.56 � 0.05; 30 min: 0.4 � 0.04; p � 0.004 between
untreated and 5 min; p � 9.456 � 10	7 between untreated and 15
min; p � 1.094 � 10	12 between untreated and 30 min; one-way
ANOVA followed by Tukey’s post-test; Fig. 7E,F2,G2,H2). These
results suggest that Hrs plays a critical role in the normal traffick-
ing of mGluR1 probably through the interaction with SNX1.

SNX1-mediated recycling of mGluR1 is critical for the
resensitization of the receptor
Group I mGluRs undergo desensitization and rapid internaliza-
tion on ligand exposure and subsequently, recycle back to the cell
surface in 2.5 h (Dhami and Ferguson, 2006; Pandey et al., 2014;
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Mahato et al., 2015). On recycling to the plasma membrane,
many receptors are known to resensitize, i.e., functionally re-
cover, such that their responsiveness toward the agonist is re-
stored (Ferguson, 2001; Drake et al., 2006; Sorkin and von
Zastrow, 2009). Thus, recycling of the receptor through a proper
route is essential for the resensitization of many receptors. To

investigate, the effects of SNX1 knockdown on the resensitization
of mGluR1, we studied the ability of the recycled receptor to
induce the second messenger responses, as well as their ability to
initiate the mGluR-mediated AMPAR endocytosis. Group I
mGluRs upregulate the phosphorylation of MAPK/ERK1/2 upon
activation (Kim et al., 2008; Gladding et al., 2009). Furthermore,

Figure 6. Binding of Hrs to SNX1 is necessary for the normal trafficking of mGluR1. A, B, Representative images (A) and quantitation (B) showing that knockdown of endogenous SNX1 and
replacement of endogenous SNX1 with SNX1�H1, SNX1�H2, SNX1�H3 did not have any effect on the surface expression of myc-mGluR1. C, D, Representative cells (C) and quantitation (D) of the
R,S-DHPG-mediated trafficking of myc-mGluR1 suggested that, as expected, acute knockdown of endogenous SNX1 led to the rapid recycling of myc-mGluR1 in 30 min post-ligand application.
Replacement of endogenous SNX1 with SNX1�H1 rescued the normal trafficking of the receptor, but replacement with SNX1�H2 or SNX1�H3 failed to rescue the normal trafficking of the receptor.
E, F, Western blot (E) and quantitation of the Western blots (F ), showing the knockdown of endogenous SNX1 and expression of shSNX1:SNX1�H1, shSNX1:SNX1�H2, shSNX1:SNX1�H3 constructs.
G, Coimmunoprecipitation assays demonstrated that deletion of H2 or H3 domain of SNX1 disrupted binding of Hrs to SNX1. H, Quantitation of the coimmunoprecipitation assays. Results are
presented as mean � SEM collected from three independent experiments. Scale bar, 10 �m. ***p 
 0.001, *p 
 0.05; n.s., p � 0.05.
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AMPARs get endocytosed upon activation of group I mGluRs
and mGluR-mediated AMPAR endocytosis is believed to be the
cellular correlate for the mGluR-dependent synaptic plasticity
(Citri and Malenka, 2008; Gladding et al., 2009; Bhattacharyya,
2016). Cells were first treated with 100 �g/ml cycloheximide for

5 h to inhibit the new receptor synthesis and the drug was present
throughout the experiment. In control cells, application of 100
�M R,S-DHPG resulted in the increase in the phosphorylation of
ERK1/2. When the receptors, that recycled back to the cell surface
in 2.5 h via normal recycling route, were activated by the appli-

Figure 7. Knockdown of Hrs results in the faster recycling of mGluR1. A, B, Western blot analyses (A) and quantitation of the Western blots (B), showing the efficient knockdown of endogenous
Hrs by si-Hrs. C, D, Representative images (C) and quantitation (D) suggested that acute knockdown of endogenous Hrs had no effect on the surface expression of myc-mGluR1. E, Representative cells
showing that knockdown of endogenous Hrs led to the recycling of myc-mGluR1 within 30 min after 100 �M R,S-DHPG application, whereas in control cells and si-control treated cells the receptor
showed progressive increase in the internalization till 30 min post-ligand application. F1, F2, Measurement of the endocytosis (F1) and surface myc-mGluR1 (F2) also suggested that in control cells
myc-mGluR1 showed maximum endocytosis at 30 min after R,S-DHPG application. G1, G2, On the other hand, acute knockdown of endogenous Hrs resulted in the recycling of the receptor within
30 min after 100 �M R,S-DHPG application as evident by the quantitation of the endocytosis (G1) and measurement of myc-mGluR1 present at the cell surface (G2). H1, H2, Quantitation of the
endocytosis (H1) and surface myc-mGluR1 (H2) suggested that R,S-DHPG-induced trafficking of myc-mGluR1 in si-control treated cells was similar to the control cells. Results are presented as
mean � SEM collected from three independent experiments. Scale bar, 10 �m. ***p 
 0.001, **p 
 0.01, *p 
 0.05; n.s., p � 0.05.
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cation of 100 �M R,S-DHPG, it again led to the upregulation in
the phosphorylation of ERK1/2 (control:: untreated: 1 � 0.07;
DHPG: 1.94 � 0.1; 2.5 h recycling untreated: 1.03 � 0.07; 2.5 h
recycling DHPG: 1.84 � 0.03; p � 0.018 between untreated and
DHPG; p � 0.01 between 2.5 h recycling untreated and 2.5 h
recycling DHPG; p � 0.803 between untreated and 2.5 h recy-
cling untreated; one-way ANOVA followed by Tukey’s post-test;
Fig. 8A,B). These results suggest that the receptors that came
back to the cell surface through normal recycling route were re-
sensitized. In shSNX1 transfected cells, initial application of 100
�M R,S-DHPG also resulted in the rise in the phosphorylation of
ERK1/2. Importantly, the receptors that recycled back to the cell
surface in 30 min following rapid recycling route were unable to
increase the phosphorylation of ERK1/2, upon activation with
100 �M R,S-DHPG (shSNX1:: untreated: 1 � 0.01; DHPG:
1.79 � 0.01; 30 min recycling untreated: 1.14 � 0.04; 30 min
recycling DHPG: 1.24 � 0.03; p � 0.0003 between untreated and
DHPG; p � 0.217 between 30 min recycling untreated and 30
min recycling DHPG; p � 0.082 between untreated and 30 min
recycling untreated; one-way ANOVA followed by Tukey’s post-
test; Fig. 8C,D).

To check for the ability of the recycled mGluRs to induce the
AMPAR endocytosis, we used the protocol that results in the
mGluR-mediated endocytosis of synaptic AMPARs (Gulia et al.,
2017). In control cells, initial application of R,S-DHPG (100 �M

for 5 min) in the presence of 1 �M TTX, 20 �M DNQX and 50 �M

APV, resulted in the endocytosis AMPARs (control:: untreated:
1 � 0.04; DHPG: 2.02 � 0.05; p � 3.324 � 10	27 between un-
treated and DHPG; one-way ANOVA followed by Tukey’s post-
test; Fig. 8E,F). The mGluRs that recycled to the cell surface in
2.5 h through the normal recycling route, also showed the ability
to induce the AMPAR endocytosis when they were stimulated
with 100 �M R,S-DHPG for 5 min (control:: 2.5 h recycling un-
treated: 1 � 0.04; 2.5 h recycling DHPG: 1.97 � 0.07; p � 1.911 �
10	17 between 2.5 h recycling untreated and 2.5 h recycling
DHPG; one-way ANOVA followed by Tukey’s post-test). We
have reported earlier, that the recycling of group I mGluRs is
PP2A and PP2B dependent (Pandey et al., 2014; Mahato et al.,
2015). When the recycling of the receptors was blocked by 5 nM

Okadaic acid and 1 �M FK-506 (PP2A and PP2B inhibitors, re-
spectively), application of 100 �M R,S-DHPG did not induce
endocytosis of AMPARs (control:: 2.5 h no recycling untreated:
1 � 0.04; 2.5 h no recycling DHPG: 1 � 0.05; p � 0.686 between
2.5 h no recycling untreated and 2.5 h no recycling DHPG; one-
way ANOVA followed by Tukey’s post-test). It has been reported,
that in the hippocampal neurons both FK-506 and OA had no
effect on the basal transmission, suggesting that both these drugs
do not affect the basal trafficking of GluA1-containing receptors
(Schnabel et al., 2001). In shSNX1 transfected cells, initial appli-
cation of 100 �M R,S-DHPG for 5 min led to the endocytosis of
AMPARs (shSNX1:: untreated: 1 � 0.05; DHPG: 1.9 � 0.05; p �
2.177 � 10	18 between untreated and DHPG; one-way ANOVA
followed by Tukey’s post-test; Fig. 8G,H). However, the recep-
tors that recycled to the cell surface in 30 min via the rapid recy-
cling route, were not able to induce the endocytosis AMPARs,
when they were stimulated with 100 �M R,S-DHPG for 5 min
(shSNX1:: 30 min recycling untreated: 1 � 0.03; 30 min recycling
DHPG: 0.93 � 0.04; p � 0.175 between 30 min recycling un-
treated and 30 min recycling DHPG; one-way ANOVA followed
by Tukey’s post-test). These results suggest that the recycling of
mGluR1 through normal recycling route, subsequent to the
ligand-dependent internalization, is required for the resensitiza-
tion of the receptor. The rapid recycling route that mGluR1 takes

in absence of SNX1, does not allow the receptor to be resensitized
and the receptor recycled to the cell surface as inactive receptor.

Discussion
The detailed molecular mechanisms underlying the trafficking of
group I mGluRs are of great interest because of the critical roles
trafficking plays in the regulation of the activity of these receptors
as well as their localization at a specific place in the neuron. In-
appropriate trafficking of the receptor could lead to improper
signaling with pathological consequences. In the present study,
we have defined a novel role for SNX1 in the ligand-mediated
trafficking of group I mGluRs. Our earlier data suggested that
group I mGluRs enter the recycling compartment subsequent to
the ligand-dependent internalization and they recycle back to the
cell surface at 2.5 h post-ligand application (Pandey et al., 2014).
Like many other GPCRs, the recycling is probably a critical step to
“resensitize” these receptors. SNXs are a large group of proteins
defined by the presence of PX domain and various reports have
suggested that a member of this family, SNX1 could play impor-
tant role in controlling the trafficking and sorting of some recep-
tors. SNX1 has also been shown to interact in vitro with the
cytoplasmic tails of both members of group I mGluR family, viz.,
mGluR1 and mGluR5, suggesting that SNX1 might play a critical
role in the trafficking of group I mGluRs (Heydorn et al., 2004).
In light of all the above evidences, we studied the role of SNX1, if
any, in the trafficking of group I mGluRs in primary hippocampal
neurons. Our data suggest that SNX1 plays critical role in regu-
lating the recycling of mGluR1. Consequently, either upon SNX1
knockdown or overexpression of the dominant-negative SNX1,
mGluR1 was re-sorted via the faster recycling route and the re-
ceptor recycled back to the cell surface at 30 min post-ligand
application. Subsequently, primarily using a strategy in which
mutant forms of SNX1 replace endogenous SNX1 that has been
knocked down by shRNA, we found that SNX1 is important for
the normal recycling of mGluR1, because of its binding to Hrs.
Hrs is a protein that has been implicated in both signaling and
vesicular trafficking (Chin et al., 2001). At this point, it is not clear
what drives the mGluR1 in the rapid recycling route in absence of
SNX1. The existence of a fast recycling route back to the plasma
membrane has been documented for many receptors (Grant and
Donaldson, 2009; Yudowski et al., 2009). Early studies identified
Rab4 as being important for the recycling of receptors through
faster recycling route (van der Sluijs et al., 1992; Maxfield and
McGraw, 2004). However, the mechanism by which Rab4 medi-
ates the faster recycling of those receptors is not clear. Subse-
quently, another protein, viz., Rab35 has been implicated as an
important regulator of rapid recycling (Kouranti et al., 2006; Sato
et al., 2008). It would be interesting to investigate whether in
absence of SNX1, Rab4, or Rab35 or both play critical role in
resorting the receptor via the faster recycling route.

Both N-terminal region and C-terminal region of SNX1 seems
to be important for the normal trafficking of mGluR1. The recep-
tor still took the rapid recycling route when the endogenous
SNX1 was replaced with SNX1 lacking the N-terminal region
(SNX1�N) and SNX1 lacking the C-terminal region (SNX1�C).
The N-terminal region of SNX1 contains PX domain that inter-
acts with phosphatidylinositol’s (PtdIns; Cozier et al., 2002; Cul-
len, 2008). On the other hand, the C-terminal region of SNX1 is
involved in protein-protein interactions (Chin et al., 2001; Zhong
et al., 2002; Cullen, 2008). Because our interest was to investigate
the mechanisms through which SNX1 along with its downstream
binding partners modulate the trafficking of mGluR1, we there-
fore focused our study to investigate how the C-terminal region
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Figure 8. SNX1 regulates the resensitization of mGluR1. A, B, Western blot (A) and quantitation of the Western blots (B) showing that application of 100 �M R,S-DHPG for 5 min led to the
phosphorylation of MAP kinases. Furthermore, the receptors recycled to the cell surface following normal recycling route in 2.5 h, also showed the ability to induce phosphorylation of MAP kinases
on application of 100 �M R,S-DHPG for 5 min. C, D, Western blot (C) and quantitation (D) suggested that although in SNX1 knockdown cells, initial application of 100 �M R,S-DHPG for 5 min led to
the phosphorylation of MAP kinases, but the receptors that recycled back in 30 min post-ligand application, following the rapid recycling route, were unable to induce the phosphorylation of MAP
kinases on application of 100 �M R,S-DHPG for 5 min. E, F, Representative images (E) and quantitation of the mGluR-mediated AMPAR endocytosis (F ) suggested that in control cells, the receptors
that recycled back to the cell surface following normal recycling route in 2.5 h, were able to induce the endocytosis of GluA1-containing receptors when they were stimulated with 100 �M R,S-DHPG
for 5 min. On the other hand, application of 100 �M R,S-DHPG did not cause endocytosis of GluA1-containing receptors when the mGluR recycling was inhibited with okadaic acid and FK-506. G, H,
Representative images (G) and quantitation of the mGluR-mediated AMPAR endocytosis (H ) showed that in shSNX1 transfected cells, although initial application of 100 �M R,S-DHPG for 5 min led
to the endocytosis of GluA1-containing receptors, but the receptors that recycled back to the cell surface through rapid recycling route in 30 min post-ligand application, did not have the ability to
induce the internalization of GluA1-containing receptors. Results are presented as mean � SEM collected from three independent experiments. Scale bar, 10 �m. ***p 
 0.001, *p 
 0.05; n.s.,
p � 0.05.
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of SNX1 plays critical role in the trafficking of mGluR1. The
C-terminal region of SNX1 contains three putative SH3 domain-
binding motifs (H1, H2, and H3). Through these domains SNX1
might interact with multiple proteins and in fact, it has been
reported that through these domains SNX1 interacts with Hrs, a
protein that has been implicated in both signaling and vesicular
trafficking (Chin et al., 2001). We therefore studied the role of
these domains in the trafficking of mGluR1. Interestingly, we
found that deletion of H1 domain of SNX1 had no effect on the
trafficking of the receptor, whereas, deletion of H2 or H3 domain
resulted in the rapid recycling of the receptor. Furthermore, our
data suggest that both H2 and H3 domains of SNX1 are necessary
for the interaction of SNX1 with Hrs. We therefore hypothesize at
this point that interaction of Hrs to SNX1 is critical for the nor-
mal trafficking of mGluR1. Our hypothesis was strengthened by
the observation that acute knockdown of endogenous Hrs also
resulted in the rapid recycling of the receptor. Importantly, we
show here that mGluRs that came back to the cell surface via
faster recycling route, in absence of SNX1, were inactive. In other
words, those receptors were unable to induce the second messen-
ger responses as observed by their inability to upregulate the
phosphorylation of MAP kinases. Moreover, they were also un-
able to induce the AMPAR endocytosis, which is a prerequisite
for the mGluR-mediated synaptic plasticity. On the other hand,
when the receptors were allowed to recycle back to the cell surface
via the slower recycling route in wild-type cells, the recycled re-
ceptors were able to upregulate the phosphorylation of MAP ki-
nases and induction of the AMPAR endocytosis. These results
indicate that SNX1-mediated recycling of these receptors via the
slower recycling route is critical for the resensitization of these
receptors.

In conclusion, we have shown here that group I mGluR traf-
ficking is mediated by SNX1 through the interaction with Hrs in
primary hippocampal neurons. SNX1 appears to direct mGluR1
into a slow recycling pathway such that in absence of SNX1,
mGluR1 traffics via a faster recycling pathway. The C-terminal
region of SNX1, especially the H2 and H3 domains present in the
C-terminal region of SNX1 seems to be critical for the normal
trafficking of mGluR1 because Hrs interacts with SNX1 through
these domains. Although, we show here that the N-terminal re-
gion of SNX1 also plays critical role in the trafficking of mGluR1,
the mechanism by which N-terminal region of SNX1 regulates
the trafficking of group I mGluRs needs to be investigated in the
future. Because SNX1 has previously been implicated in GPCR
degradation, as well as in GPCR recycling, another important
challenge in the future will be to elucidate how SNX1 is able to
mediate these differential sorting decisions. As stated before, in-
appropriate trafficking of group I mGluRs could lead to im-
proper signaling with pathological consequences. Inappropriate
signaling of group I mGluRs has been suggested to be involved in
the pathophysiology of multiple cognitive disorders such as Frag-
ile X syndrome, autism, etc. Indeed, our data suggest that, in the
absence of SNX1, the receptors recycle to the cell surface in an
inactive form and would be unable to participate in mGluR-
mediated synaptic plasticity. Therefore, the SNX1-mediated re-
cycling of these receptors through a slow recycling pathway
appears to be critical for the resensitization of the receptor. Thus,
our results reveal a crucial role of SNX1 in controlling the normal
trafficking of group I mGluRs, failure of which could contribute
to these disorders by redirecting the receptors to a wrong route.
Because of these reasons, further study of the regulation of group
I mGluRs by SNX1 and SNX1 interacting proteins would be of
paramount importance in near future.
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