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Group I metabotropic glutamate receptors (mGluRs) play im-
portant roles in various neuronal functions and have also been
implicated in multiple neuropsychiatric disorders like fragile X
syndrome, autism, and others. mGluR trafficking not only plays
important roles in controlling the spatiotemporal localization
of these receptors in the cell but also regulates the activity of
these receptors. Despite this obvious significance, the cellular
machineries that control the trafficking of group I metabotropic
glutamate receptors in the central nervous system have not
been studied in detail. The post-synaptic scaffolding protein
tamalin has been shown to interact with group I mGluRs and
also with many other proteins involved in protein trafficking in
neurons. Using a molecular replacement approach in mouse
hippocampal neurons, we show here that tamalin plays a critical
role in the ligand-dependent internalization of mGluR1 and
mGluR5, members of the group I mGluR family. Specifically,
knockdown of endogenous tamalin inhibited the ligand-de-
pendent internalization of these two receptors. Both N-terminal
and C-terminal regions of tamalin played critical roles in
mGluR1 endocytosis. Furthermore, we found that tamalin regu-
lates mGluR1 internalization by interacting with S-SCAM, a
protein that has been implicated in vesicular trafficking. Finally,
we demonstrate that tamalin plays a critical role in mGluR-
mediated internalization of a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid receptors, a process believed to be the
cellular correlate for mGluR-dependent synaptic plasticity.
Taken together, these findings reveal a mechanistic role of tam-
alin in the trafficking of group I mGluRs and suggest its physio-
logical implications in the brain.

In the central nervous system, the major excitatory neuro-
transmitter glutamate acts through ionotropic glutamate
receptors and metabotropic glutamate receptors (mGluRs)
(1–3). Based on sequence similarity, second-messenger path-
ways, and pharmacology, mGluRs have been classified into
three groups (3–5). Group I mGluRs (mGluR1 and mGluR5)

are predominantly localized at the post-synaptic neurons, and
they are positively coupled with the Gaq/11 heterotrimeric G
proteins (4, 6). These receptors have been implicated in various
forms of synaptic plasticity, including learning and memory, as
well as in many neuropsychiatric disorders, like fragile X syn-
drome, autism, etc. (4, 7–13). Similar to many other G-protein-
coupled receptors, these receptors also undergo “desensitiza-
tion” following stimulation by the ligand, and desensitization
represents an essential negative-feedback mechanism that pro-
tects the receptor from chronic overstimulation (2, 3, 14–16).
Subsequent to that, group I mGluRs internalize and recycle
back to the cell surface, a mechanism for the “resensitization”
of these receptors (17–22). Therefore, trafficking of these recep-
tors, which is a tightly regulated process, controls both the spatio-
temporal localization and activity of these receptors. Despite the
obvious significance of trafficking of mGluRs, the molecular
mechanisms underlying these processes are not well understood.
Group I mGluRs are tightly regulated by a macromolecular

protein complex at the post-synaptic membrane, a key compo-
nent of which is the scaffolding protein tamalin. Tamalin is a
394-amino-acid protein comprising multiple protein-protein
interaction domains. It is composed of a PDZ domain, a pro-
line-rich region, a leucine zipper region, and a C-terminal
PDZ-binding motif. The PDZ domain of tamalin interacts with
the C terminus of group I mGluRs (23). Furthermore, tamalin
also interacts with many other important scaffold proteins
involved in post-synaptic organization and protein trafficking
in neurons. For example, tamalin binds to PSD-95 and also
interacts with proteins implicated in trafficking, including
MINT2 and GRP-1 (24). The C terminus of tamalin interacts
with S-SCAM, another scaffolding protein which directly inter-
acts with motor proteins and thus regulates cargo delivery to
and from the membrane (24). In light of all the above observa-
tions, we investigated the role of tamalin, if any, in the traffick-
ing of group I mGluRs in primary hippocampal neurons.
We studied the role of tamalin in ligand-mediated trafficking

of group I mGluRs using a “molecular replacement” approach
that allows simultaneous shRNA-mediated acute knockdown
of endogenous tamalin and expression of various forms of
recombinant tamalin in primary hippocampal neurons (22, 25,
26). This approach has two important advantages. First, devel-
opmental compensatory adaptations that may occur during
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synaptogenesis and synapse maturation as a result of the loss of
endogenous tamalin are minimized. Second, the function of
heterologous constructs can be studied without the necessity of
a dominant effect, which is required by a standard overexpres-
sion approach. We show here that tamalin plays a critical role
in the trafficking of mGluR1 and mGluR5. We observed that
knockdown of the endogenous tamalin led to the inhibition in
the ligand-mediated endocytosis of these receptors. Both N-
terminal and C-terminal regions of tamalin were critical for the
internalization of mGluR1. Importantly, tamalin regulated the
endocytosis of mGluR1 through interaction with S-SCAM.
Knockdown of S-SCAM also resulted in the inhibition of the
ligand-dependent endocytosis of group I mGluRs. Finally, we
show that tamalin also controls mGluR-mediated AMPAR
internalization, which is the cellular correlate for the mGluR-
dependent synaptic plasticity, through interaction with S-
SCAM.

Results

Knockdown of tamalin inhibits the endocytosis of group I
mGluRs

In order to investigate the role of tamalin in the trafficking of
group ImGluRs, we employed themolecular replacement strat-
egy. This strategy allows simultaneous shRNA-mediated acute
knockdown of the endogenous tamalin and expression of mu-
tant formsof recombinant tamalin inprimaryhippocampalneu-
rons.Toexamine the roleof tamalin in the ligand-inducedendo-
cytosis ofmGluR1, we initially screened and identified a shRNA
against tamalin (shTam) that could effectively knock down the
endogenous tamalin. In the cultured neurons, the shTam con-
struct was effective in knocking down endogenous tamalin, as
evidencedby the significant knockdownof the endogenous tam-
alin measured throughWestern blotting 3 to 4 days after trans-
fection (control, 16 0.04; shTam, 0.556 0.09; shTam:Tam, 1.15
6 0.1) (Fig. 1,A and B). We then examined the effect of tamalin

Figure 1. Knockdownof endogenous tamalin inhibits the ligand-mediated endocytosis ofmGluR1.A and B, Western blotting (A) and quantitation of the
Western blots (B), showing the efficient knock-down of endogenous tamalin by shTam and replacement of the endogenous tamalin with full-length tamalin. C
andD, Representative images (C) and quantitation of surface Myc-mGluR1 (D) showing that knockdown of endogenous tamalin with shTam and expression of
theWTtamalin replacementconstructhadnoeffecton thesurfaceexpressionofMyc-mGluR1 (nvalues: control, 35; shTam,39; shTam:Tam,38).E, Representative
examplesof surfaceand internalizedMyc-mGluR1, 30minafter applicationof100mMR,S-DHPG incontrol cells, shTam-expressing cells, andshTam-andWT-tam-
alin-expressing cells. F, Quantitation of the endocytosis index suggested that knockdownof endogenous tamalin inhibited the R,S-DHPG-mediated internaliza-
tion ofMyc-mGluR1 and expression ofWT tamalin rescued the normal trafficking of the receptor (n values: control, 35; control1DHPG, 36; shTam1DHPG, 38;
shTam:Tam1DHPG, 39). The results arepresentedasmeans6S.E. fromthree independentexperiments. Scale bar, 10mm.***,p<0.001; *,p<0.05; n.s,p.0.05.
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knockdown on the surface expression ofMyc-mGluR1. shTam-
mediated knockdown of tamalin did not have any effect on the
surface expressionofMyc-mGluR1 (Fig. 1,C andD). In addition,
simultaneous expression of both shTam and HA-tagged WT
tamalin (shTam resistant) also had no effect on the surface
expression of Myc-mGluR1 (control, 1 6 0.06; shTam, 1.02 6
0.05; shTam:Tam, 1.02 6 0.04) (Fig. 1, C and D). We subse-
quently investigated the effect of the knockdown of endogenous
tamalinon the ligand-mediated traffickingofMyc-mGluR1.Pri-
mary hippocampal neurons were cotransfected with Myc-
mGluR1 and shTam or shTam:Tam constructs. Live cells
expressing Myc-mGluR1 were stained with anti-Myc primary
antibody. Subsequent application of 100mM R,S-DHPG, an ago-
nist of mGluR1, led to the internalization ofMyc-mGluR1 at 30
min in control cells. However, cells expressing shTam did not
show significant internalized receptors on 100 mM R,S-DHPG
application at 30 min, and most of the receptors were observed
to be localized at the cell surface (control, 1 6 0.03; control 1
DHPG, 1.776 0.06; shTam1DHPG, 1.096 0.05) (Fig. 1, E and
F). Replacement of the endogenous tamalin with WT tamalin
(shTam resistant) rescued the normal endocytosis of the recep-
tor, as was evident from the presence of the endocytosed recep-
tors in the intracellular compartments at 30min after 100mM R,
S-DHPG application (shTam:Tam1DHPG, 1.816 0.08), indi-
cating that the observed phenotype was not due to nonspecific
effects of shTam (Fig. 1, E and F). We chose 30 min as the time
point because our previous studies suggested that R,S-DHPG-
mediated internalization of Myc-mGluR1 reaches a maximum
level at 30 min after ligand application (20, 22). On the other
hand, the inhibition of the R,S-DHPG-mediated internalization
ofMyc-mGluR1due to theknockdownof theendogenous tama-
lin could not be rescued by replacing the endogenous tamalin
with another post-synaptic density protein that interacts with
thegroup ImGluRs,Norbin, suggesting the specificity of the res-
cue experiment (control, 1 6 0.05; control 1 DHPG, 1.58 6
0.09; shTam 1 DHPG, 0.95 6 0.03; shTam:Norbin 1 DHPG,
1.1360.06) (Fig. S1,A andB) (27).
We subsequently investigated the role of tamalin, if any, in the

ligand-mediated endocytosis of the othermember of the group I
mGluR family, viz., mGluR5. Knockdown of the endogenous
tamalin had no effect on the surface expression ofMyc-mGluR5
(control, 1 6 0.04; shTam, 0.98 6 0.04; shTam:Tam, 0.98 6
0.06) (Fig. S2,A and B). On the other hand, 100 mM R,S-DHPG-
mediated internalization of Myc-mGluR5 was inhibited upon
knockdown of the endogenous tamalin and replacement of the
endogenous tamalinwithWTtamalin rescued thenormal inter-
nalization of the receptor (control, 16 0.05; control1DHPG, 2
6 0.06; shTam 1 DHPG, 1.03 6 0.04; shTam:Tam 1 DHPG,
1.9660.05) (Fig. S2,C andD).These results suggest that tamalin
plays a critical role in the ligand-mediated internalization of
both members of group I mGluRs, viz., mGluR1 and mGluR5.
Since trafficking of both mGluR1 andmGluR5 was regulated by
tamalin,weconcentratedonmGluR1 for rest of the study.

Role of tamalin domains in the trafficking of mGluR1

Tamalin is a scaffold protein that comprises multiple pro-
tein-interacting domains (23). For example, the PDZ domain of

tamalin binds to the carboxyl-terminal tail of group I mGluRs,
and the leucine zipper region of tamalin binds the coiled-coil
region of guanine nucleotide exchange factor cytohesins (23).
In order to determine the role of tamalin in group I mGluR traf-
ficking, we first investigated the effect of various deletion
mutants of tamalin inmGluR1 trafficking. To examine whether
the N-terminal region of tamalin is sufficient for the normal
trafficking of group I mGluRs, we first replaced the endogenous
tamalin with a form of tamalin (N-Tam) having only the N-ter-
minal region (amino acids 1 to 209 of tamalin) and lacking the
C-terminal region of the protein. N-Tam was observed to have
normal expression levels in primary neurons (control, 16 0.11;
shTam, 0.476 0.21; shTam:N-Tam, 0.976 0.09) (Fig. 2, A and
B). Acute knockdown of the endogenous tamalin and expres-
sion of shTam:N-Tam did not have any effect on the surface
expression of Myc-mGluR1 (control, 1 6 0.02; shTam, 0.94 6
0.04; shTam:N-Tam, 0.99 6 0.03) (Fig. 2, C and D). However,
unlike WT tamalin, N-Tam did not rescue the R,S-DHPG-
mediated endocytosis of Myc-mGluR1, and the receptor did
not internalize on application of 100 mM R,S-DHPG in shTam:
N-Tam-expressing cells, similar to what was observed in cells
where endogenous tamalin was knocked down (control, 1 6
0.04; control 1 DHPG, 1.87 6 0.04; shTam 1 DHPG, 1.11 6
0.04; shTam:N-Tam 1 DHPG, 1.05 6 0.04) (Fig. 2, E and F).
Subsequently, we investigated whether the C-terminal region
of tamalin alone was sufficient for the ligand-mediated inter-
nalization of mGluR1 by replacing theWT tamalin with a form
of tamalin (C-Tam) containing the C-terminal region alone
(amino acids 173 to 394 of tamalin) and lacking the N-terminal
region of the protein. Similar to other constructs of tamalin, C-
Tam also appeared to express properly, as observed byWestern
blotting (control, 16 0.06; shTam, 0.546 0.03; shTam:C-Tam,
16 0.04) (Fig. 3, A and B). Expression of this replacement con-
struct (shTam:C-Tam) had no effect on the surface expression
of Myc-mGluR1 (control, 1.0 6 0.02; shTam, 0.94 6 0.04;
shTam:C-Tam, 0.98 6 0.04) (Fig. 3, C and D). Similar to N-
Tam, C-Tam also did not rescue the R,S-DHPG-mediated
internalization of Myc-mGluR1. No significant internalization
of Myc-mGluR1 was observed 30 min after the application of
100 mM R,S-DHPG in shTam:C-Tam-expressing cells, similar
to what was observed in tamalin knockdown cells (control, 16
0.04; control 1 DHPG, 1.84 6 0.04; shTam 1 DHPG, 1.07 6
0.04; shTam:C-Tam1DHPG, 16 0.02) (Fig. 3, E and F). These
results suggest that both the N-terminal and C-terminal
regions of tamalin play a critical role in the ligand-induced traf-
ficking of mGluR1.

The last 8 amino acids of tamalin play a critical role in the
ligand-mediated endocytosis of mGluR1

It has been reported that the C-terminal region of tamalin
interacts with S-SCAM, another scaffolding protein which
directly interacts with motor proteins and thus regulates the
cargo delivery to and from the membrane (24, 28). In order to
ascertain what role, if any, this domain has in the trafficking of
group I mGluRs, the last 8 amino acids of the tamalin protein
were deleted (TamD8) and a replacement construct was gener-
ated (shTam:TamD8). This replacement construct showed
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normal expression levels in Western blotting (control, 1 6
0.11; shTam, 0.39 6 0.14; shTam:TamD8: 1.16 6 0.04) (Fig. 4,
A and B). Initially, the role of this domain in the surface expres-
sion of Myc-mGluR1 was investigated. Deletion of the last 8
amino acids of tamalin had no effect on the surface expression
of Myc-mGluR1 (control, 1.0 6 0.04; shTam, 0.99 6 0.05;
shTam:TamD8, 1.026 0.05) (Fig. 4, C and D). However, unlike
WT tamalin, TamD8 did not rescue the ligand-mediated endo-
cytosis of Myc-mGluR1. In shTam:TamD8-transfected cells,
the receptors did not endocytose upon application of 100mM R,
S-DHPG, similar to what was observed in shTam-transfected
cells (control, 1 6 0.05; control 1 DHPG, 1.95 6 0.07; shTam
1 DHPG, 16 0.05; shTam:TamD81 DHPG, 16 0.03) (Fig. 4,
E and F). We subsequently investigated whether binding of
tamalin and S-SCAM is important for the ligand-mediated traf-
ficking of mGluR1 (24, 28). Our data indicated that deletion of
the last 8 amino acids of tamalin disrupted the binding of S-
SCAM to tamalin, suggesting that the interaction of tamalin

with S-SCAM is critical for the trafficking of mGluR1 (S-
SCAM 1 tamalin, 1 6 0.06; S-SCAM 1 TamD8, 0.18 6 0.07)
(Fig. 4, G and H). These results suggest that the last 8 amino
acids in the C-terminal region of tamalin play a critical role in
the ligand-mediated trafficking of mGluR1 through interaction
with S-SCAM.

Role of S-SCAM in the ligand-mediated trafficking of group I
mGluRs

Thus far, our results suggested that tamalin controls the
ligand-mediated trafficking of mGluR1 and that the last 8
amino acids at the C-terminal tail of tamalin play a critical role
in this process. These last 8 amino acids of tamalin interact
with the scaffolding protein S-SCAM, which directly regulates
the cargo delivery to and from the membrane via interaction
with the motor proteins (24, 28). To determine whether S-
SCAM plays any role in the ligand-induced trafficking of
mGluR1, we knocked down the endogenous S-SCAM in

Figure 2. N-terminal domain of tamalin alone is not sufficient for the ligand-mediated endocytosis of mGluR1. A and B, Western blotting (A) and quan-
titation of the Western blots (B), showing the effective knockdown of endogenous tamalin by shTam and expression of the N-Tam replacement construct. C
and D, Representative images (C) and quantitation (D) showing that expression of shTam and shTam:N-Tam had no effect on the surface expression of Myc-
mGluR1 (n values: control, 44; shTam, 43; shTam:N-Tam, 42). E and F, Representative cells (E) and quantitation (F) of 100 mM R,S-DHPG-induced internalization
of Myc-mGluR1 suggested that knockdown of endogenous tamalin led to the inhibition of ligand-mediated endocytosis of Myc-mGluR1, and expression of
the N-Tam replacement construct did not rescue the normal endocytosis of the receptor (n values: control, 42; control 1 DHPG, 43; shTam 1 DHPG, 42;
shTam:N-Tam1 DHPG, 44). The results are presented as means6 S.E. from three independent experiments. Scale bar, 10 mm. ***, p, 0.001; *, p, 0.05; n.s, p
. 0.05.
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primary hippocampal neurons. Briefly, cells were cotransfected
with Myc-mGluR1 cDNA and siRNA against the endogenous
S-SCAM (si-S-SCAM) (ON-TARGETplus) or scrambled
siRNA (si-control) at 8 to 9 days in vitro. Subsequently, experi-
ments were conducted when the cells were at 12 to 14 days in
vitro. The si-S-SCAM efficiently knocked down the endoge-
nous S-SCAM in primary neurons (control, 1 6 0.04; si-con-
trol, 0.94 6 0.06; si-S-SCAM, 0.21 6 0.01) (Fig. 5, A and B).
Acute knockdown of the endogenous S-SCAM did not have
any effect on the surface expression ofMyc-mGluR1 (control, 1
6 0.03; si-S-SCAM, 0.976 0.03; si-control, 1.026 0.02) (Fig. 5,
C and D). Importantly, the receptor did not internalize within
30 min after 100 mM R,S-DHPG application in si-S-SCAM-
transfected cells (Fig. 5, E and F). On the other hand, in both
control cells and si-control-transfected cells, Myc-mGluR1 was
observed to be in the internal compartment at 30 min after
ligand application (control, 16 0.08; control1 DHPG, 2.616

0.06; si-SCAM1DHPG, 1.056 0.08; si-control1DHPG, 2.58
6 0.04) (Fig. 5, E and F). We subsequently investigated the
effect of S-SCAM knockdown on the surface expression and
ligand-mediated endocytosis of Myc-mGluR5. Acute knock-
down of the endogenous S-SCAM had no effect on the surface
expression of Myc-mGluR5 (control, 1 6 0.05; si-S-SCAM,
0.99 6 0.05; si-control, 0.99 6 0.04) (Fig. S3, A and B). On the
other hand, 100 mM R,S-DHPG-mediated internalization of
Myc-mGluR5 was inhibited in si-S-SCAM-transfected cells.
Control cells and si-control-transfected cells showed normal
internalization of Myc-mGluR5 upon application of 100 mM R,
S-DHPG (control, 16 0.09; control1 DHPG, 2.76 0.06; si-S-
SCAM1DHPG, 1.046 0.07; si-control1DHPG, 2.716 0.06)
(Fig. S3, C and D). These results suggest that S-SCAM plays a
critical role in the ligand-mediated endocytosis of both
mGluR1 and mGluR5, probably through the interaction with
tamalin.

Figure 3. The C-terminal domain of tamalin alone is not sufficient for the ligand-mediated endocytosis of mGluR1. A and B, Acute knockdown of en-
dogenous tamalin and replacement of endogenous tamalin with C-Tam, as shown by Western blotting (A) and quantitation of the Western blots (B). C and D,
Representative images (C) and quantitation (D) showing no effect on the surface expression of Myc-mGluR1 in shTam and shTam:C-Tam-expressing neurons
(n values: control, 44; shTam, 43; shTam:C-Tam, 44). E and F, Representative images (E) and quantitation (F) suggested that knockdown of the endogenous
tamalin inhibited the R,S-DHPG-mediated endocytosis of Myc-mGluR1, and replacement of the endogenous tamalin with C-Tam failed to rescue the normal
internalization of the receptor (n values: control, 44; control1 DHPG, 44; shTam1 DHPG, 42; shTam:C-Tam1 DHPG, 42). The results are presented as means
6 S.E. from three independent experiments. Scale bar, 10mm. ***, p, 0.001; *, p, 0.05; n.s, p. 0.05.
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Figure 4. The last 8 amino acids of tamalin play a critical role in the ligand-mediated internalization of mGluR1. A and B, Western blotting (A) and
quantitation of the Western blots (B), showing the knockdown of the endogenous tamalin by shTam and expression of the TamD8 replacement construct. C
and D, Representative images (C) and quantitation (D) of the surface-localized Myc-mGluR1 suggested that acute knockdown of the endogenous tamalin by
shTam and replacement of the endogenous tamalin with TamD8 had no effect on the surface expression of Myc-mGluR1 (n values: control, 42; shTam, 42;
shTam1 TamD8; 43). E and F, Representative cells (E) and quantitation (F) suggested that knockdown of the endogenous tamalin resulted in the inhibition of
the R,S-DHPG-mediated endocytosis of Myc-mGluR1, and the TamD8 replacement construct did not rescue the normal internalization of the receptor (n val-
ues: control, 42; control1 DHPG, 45; shTam1 DHPG, 42; shTam:TamD81 DHPG, 48). G, Coimmunoprecipitation assays demonstrated that deletion of the last
8 amino acids of tamalin disrupted binding of S-SCAM to tamalin. H, Quantitation of the coimmunoprecipitation assays. All the results are presented as means
6 S.E. from three independent experiments. Scale bar, 10mm. ***, p, 0.001; *, p, 0.05; n.s, p. 0.05.

Role of tamalin in mGluR trafficking

8580 J. Biol. Chem. (2020) 295(25) 8575–8588



Expression profile and synaptic localization of various
mutants of tamalin

In order to check whether the various tamalin mutants used
in this study were expressed and targeted properly in neurons,
we first checked the expression profile of each of them using an
immunostaining method. As stated before, each of these con-
structs was tagged with HA at the N terminus, and upon
expression of these constructs, they produced recombinant
proteins fused with HA at the N terminus of the protein. Each
of these constructs was transfected into primary hippocampal
neurons at 5 to 7 days in vitro using the calcium phosphate
method. Cells were then stained with the anti-HA rat polyclo-
nal antibody (1:500) at 12 to 15 days in vitro followed by the
application of Alexa Fluor 568-conjugated goat anti-rat immu-
noglobulin secondary antibody (1:500). Our data suggested that
the expression patterns of the N-Tam protein and TamD8 pro-
tein were similar to the expression pattern of the WT tamalin
replacement protein (Fig. 6A). In contrast, the C-Tam protein
did not target properly and was predominantly localized at the
cell body of the neuron (Fig. 6A). In order to investigate
whether the mutants of tamalin that were used in this study
localized at the synapse, the proportion of synapses containing
detectable amounts of these mutants of tamalin was quantified

by staining for HA-containing clusters and counterstaining for
Bassoon, a core component of the active zone that is commonly
used to identify presynaptic terminals (29). Our data suggested
that both N-Tam and TamD8 localized at the synapse, very
similar to the WT tamalin protein (WT tamalin, 82.01 6
1.97%; N-Tam, 77.19 6 3.42%; TamD8, 82.65 6 1.85%) (Fig. 6,
B and C). Since the C-Tam construct did not target properly at
the dendrites and was mostly localized in the cell body region,
we did not study its colocalization with Bassoon. These results
together suggested that deletion of the N-terminal domain of
tamalin mislocalized the protein. Furthermore, both the N-ter-
minal domain of tamalin and tamalin lacking the last 8 amino
acids were targeted properly at the synapse.

Tamalin plays a critical role in mGluR-mediated AMPAR
endocytosis

Rapid endocytosis of surface AMPARs can be triggered in
cultured hippocampal neurons by application of various gluta-
mate receptor agonists, including glutamate itself,N-methyl-D-
aspartate, AMPA, and group I mGluR agonists (21, 22, 25, 26,
30, 31). mGluR-mediated AMPAR endocytosis is believed to be
the cellular correlate for the mGluR-dependent synaptic plas-
ticity (3, 4, 11, 12, 32). Because the goal of this study was to

Figure 5. Knockdown of S-SCAM inhibits the ligand-mediated internalization of mGluR1. A and B, Western blotting analyses (A) and quantitation of the
Western blots (B), showing the efficient knockdown of endogenous S-SCAM by si-S-SCAM. C and D, Representative images (C) and quantitation (D) suggested
that acute knockdown of endogenous S-SCAM had no effect on the surface expression of Myc-mGluR1 (n values: control, 36; si-S-SCAM, 35; si-control, 36). E
and F, Representative cells (E) and quantitation of the endocytosis index (F) showing that knockdown of the endogenous S-SCAM led to the inhibition in the R,
S-DHPG-mediated internalization ofMyc-mGluR1, whereas in control cells and si-control-transfected cells, the receptor internalized normally (n values: control,
36; control1 DHPG, 38; si-S-SCAM1 DHPG, 37; si-control1 DHPG, 37). The results are presented as means6 S.E. from three independent experiments. Scale
bar, 10mm. ***, p, 0.001; n.s, p. 0.05.
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elucidate the role of tamalin in group I mGluR trafficking and,
in turn, its effect onmGluR-dependent synaptic AMPAR endo-
cytosis, we initially studied the effect of acute knockdown of
tamalin on mGluR-dependent synaptic AMPAR endocytosis.
We employed the protocol that results in the mGluR-mediated
endocytosis of synaptic AMPARs (21, 22). To examine whether
tamalin plays any role in mGluR-mediated AMPAR endocyto-
sis, we acutely knocked down the endogenous tamalin in pri-
mary hippocampal neurons. Tamalin knockdown did not have
any effect on the surface expression of GluA1-containing
receptors (control, 16 0.04; shTam, 0.96 6 0.03; shTam:Tam,
0.986 0.05) (Fig. 7, A and B). We subsequently studied the role
of tamalin in mGluR-dependent AMPAR endocytosis. In con-
trol cells, application of R,S-DHPG (100 mM for 5 min) in the
presence of 1 mM TTX, 20 mM DNQX, and 50 mM APV resulted
in the endocytosis of AMPARs (control, 1 6 0.03; control 1
DHPG, 1.63 6 0.04) (Fig. 7, E and G). On the other hand,
knockdown of the endogenous tamalin inhibited the AMPAR
endocytosis triggered by the application of 100 mM R,S-DHPG
(Fig. 7, E and G). The mGluR-mediated AMPAR endocytosis
was rescued when endogenous tamalin was replaced by the
WT tamalin (shTam 1 DHPG, 1 6 0.03; shTam:Tam 1
DHPG, 1.66 0.03) (Fig. 7, E andG).
Our earlier data suggested that the C-terminal 8 amino acids

of tamalin play a critical role in the interaction of tamalin with

S-SCAM and that this interaction is essential for the ligand-
mediated trafficking of group I mGluRs. In order to investigate
whether interaction of tamalin with S-SCAM is also required
for the mGluR-mediated AMPAR endocytosis, we studied the
effect of TamD8 replacement in this process. Acute knockdown
of the endogenous tamalin and expression of TamD8 had no
effect on the surface expression of GluA1-containing receptors
(control, 16 0.02; shTam, 0.996 0.02; shTam:TamD8, 0.966
0.02) (Fig. 7, C and D). Importantly, knockdown of the endoge-
nous tamalin inhibited the AMPAR endocytosis induced by
100 mM R,S-DHPG, and replacement of the endogenous tama-
lin with TamD8 did not rescue the mGluR-mediated AMPAR
endocytosis (control, 1 6 0.06; control 1 DHPG, 1.46 6 0.03;
shTam 1 DHPG, 1 6 0.02; shTam:TamD8 1 DHPG, 1.07 6
0.03) (Fig. 7, F and H). These results suggest that tamalin also
regulates the mGluR-mediated AMPAR endocytosis through
the interaction with S-SCAM.

Discussion

Trafficking of group I mGluRs plays critical roles in the regu-
lation of the activity of these receptors as well as their proper
spatiotemporal localization in the neuron. Inappropriate traf-
ficking of the receptor could result in abnormal signaling,
which often has serious pathological consequences. For these

Figure 6. Synaptic localization of tamalin constructs. A, Representative images showing thatWT tamalin is expressed throughout the hippocampal neuron
and targeted to the dendrites. N-Tam and TamD8 expression was also observed throughout the hippocampal neuron, and they were also seen to be localized
in the dendrites, similar to theWT tamalin. In contrast, C-Tamdid not target properly to the dendrites of the neuron. B, Representative images showing colocal-
ization of Bassoon, an active zone synaptic marker with various forms of tamalin (WT, N-Tam, and TamD8). All these constructs were found to colocalize with
Bassoon, suggesting that they were targeted to the synapse. C, Quantitation also suggested that all the above forms of tamalin were localized at the synapse
to a similar extent (n values: shTam:Tam, 34; shTam:N-Tam, 34; shTam:TamD8, 33). Scale bar, 10mm. n.s, p. 0.05.
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reasons, in the last few years, understanding the molecular
mechanisms of group I mGluR trafficking and their physiologi-
cal significance has become a major area of research. In the
present study, we defined a novel role for tamalin in the ligand-
mediated trafficking of group I mGluRs. We showed earlier

that subsequent to desensitization, group I mGluRs undergo
internalization through a ubiquitin-dependent pathway
(19–21). Following that, the receptors enter the recycling com-
partment, and they recycle back to the cell surface at 2.5 h after
ligand application (19, 20, 22). Tamalin is a scaffold protein that

Figure 7. Tamalin regulates mGluR-mediated AMPAR endocytosis. A and B, Representative images (A) and quantitation (B) of surface AMPARs (GluA1-
containing receptors) suggested that knockdown of the endogenous tamalin had no effect on the surface expression of these receptors (n values: control, 46;
shTam, 45; shTam:Tam, 44). C and D, Representative images (C) and quantitation (D) of the surface AMPARs suggested that knockdown of the endogenous
tamalin and replacement of the endogenous tamalin with TamD8 had no effect on the surface expression of the GluA1-containing receptors (n values: control,
28; shTam, 30; shTam:TamD8, 31). E and G, Representative images (E) and quantitation (G) of mGluR-mediated AMPAR endocytosis suggested that in control
cells, the receptors internalized when theywere stimulated with 100mM R,S-DHPG for 5min. In contrast, application of 100mM R,S-DHPG did not cause endocy-
tosis of GluA1-containing receptors in tamalin knockdown cells. Expression of WT tamalin rescued the R,S-DHPG-mediated endocytosis of the receptor (n val-
ues: control, 46; control1 DHPG, 45; shTam1 DHPG, 49; shTam:Tam1 DHPG, 44). F and H, The inhibition of the mGluR-mediated AMPAR endocytosis due to
the knockdown of the endogenous tamalin was not rescued by replacing the endogenous tamalin with TamD8, as observed from representative images (F)
and quantitation (H) (n values: control, 28; control 1 DHPG, 24; shTam 1 DHPG, 30; shTam:TamD8 1 DHPG, 27). The results are presented as means 6 S.E.
from three independent experiments. Scale bar, 10mm. ***, p, 0.001; n.s, p. 0.05.
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contains multiple protein-interacting domains, including a
PDZ domain, a proline-rich region, a leucine zipper region and
a C-terminal PDZ-bindingmotif. The PDZ domain and the leu-
cine zipper region of tamalin bind to the carboxyl-terminal tail
of group I mGluRs (23). Moreover, tamalin interacts withmany
other proteins present in the post-synaptic density and
involved in the post-synaptic organization. Some of those mol-
ecules have been implicated in the trafficking of proteins in
neurons. For example, tamalin binds to PSD-95 and also inter-
acts with MINT2 and GRP-1, proteins implicated in the traf-
ficking process (24). The C terminus of tamalin interacts with
S-SCAM, another scaffolding protein which directly interacts
with motor proteins and thus regulates the cargo delivery to
and from the membrane (24). In light of all the above observa-
tions, we investigated what role, if any, tamalin has in the
ligand-mediated trafficking of group I mGluRs in primary hip-
pocampal neurons. Our data suggest that tamalin plays a criti-
cal role in the ligand-mediated endocytosis of mGluR1 and
mGluR5. Knockdown of the endogenous tamalin led to the in-
hibition of mGluR1/mGluR5 internalization upon application
of R,S-DHPG. Subsequently, using a strategy in which mutant
forms of tamalin replace the endogenous tamalin that has been
knocked down by shRNA, we found that tamalin controls the
ligand-mediated internalization of group I mGluRs through the
interaction with S-SCAM.
Both the N-terminal region and the C-terminal region of

tamalin seem to be critical for the normal endocytosis of
mGluR1. As stated before, knockdown of the endogenous tam-
alin led to inhibition of the R,S-DHPG-mediated internaliza-
tion of the receptor. Importantly, the ligand-mediated endocy-
tosis of mGluR1 was still inhibited when the endogenous
tamalin was replaced with the N-terminal region of tamalin (N-
Tam) and the C-terminal region of tamalin (C-Tam). The N-
terminal region of tamalin contains an alanine-rich region and
a PDZ domain. On the other hand, the C-terminal region of
tamalin contains a leucine zipper and a proline-rich region and
a glycine-rich region (23). The PDZ domain of tamalin binds to
the carboxyl-terminal tail of group I mGluRs, and the leucine
zipper region binds the coiled-coil region of guanine nucleotide
exchange factor cytohesins. Importantly, our data suggest that
the C-Tam construct was not targeted properly at the dendritic
region and thus was mislocalized. On the other hand, the N-
Tam construct was targeted properly at the synapse. Since we
were interested in investigating themechanisms throughwhich
tamalin and its downstream binding partners modulate the
trafficking of mGluR1, we studied how the C-terminal region of
tamalin plays a critical role in the trafficking of mGluR1. It has
been reported that the extreme C-terminal region of tamalin
interacts with another scaffolding protein, S-SCAM (24).
S-SCAM directly interacts with motor proteins and thus regu-
lates the cargo delivery to and from the membrane. We there-
fore investigated whether the interaction of tamalin with S-
SCAM is critical for the ligand-dependent internalization of
mGluR1. Importantly, our data suggest that the last 8 amino
acids of tamalin at the C-terminal region are necessary for the
interaction of tamalin with S-SCAM. Furthermore, these last 8
amino acids at the C-terminal region of tamalin were also
found to be critical for the ligand-mediated endocytosis of

mGluR1. The internalization of the receptor was still inhibited
when the endogenous tamalin was replaced with TamD8.
TamD8 was targeted properly at the synapse and showed syn-
aptic localization similar to that of WT tamalin. We therefore
hypothesize at this point that the interaction of S-SCAM with
tamalin is critical for the normal trafficking ofmGluR1. Our hy-
pothesis was strengthened by the observation that acute knock-
down of endogenous S-SCAM also resulted in the inhibition of
the R,S-DHPG-mediated internalization of mGluR1 and
mGluR5. Importantly, we show here that knockdown of tama-
lin also inhibited mGluR-dependent AMPAR endocytosis,
which is a prerequisite for mGluR-mediated synaptic plasticity.
Our data also suggest that tamalin regulates mGluR-mediated
AMPAR endocytosis through the interaction with S-SCAM.
These results indicate that tamalin plays a critical role in both
ligand-mediated internalization of group I mGluRs and
mGluR-dependent AMPAR endocytosis.
In conclusion, we have shown here that ligand-dependent

trafficking of group I mGluRs is mediated by tamalin through
the interaction with S-SCAM in primary hippocampal neurons.
Both the N-terminal region and the C-terminal region of tama-
lin seem to play critical roles in the trafficking of mGluR1. The
last 8 amino acids of the C-terminal region of tamalin are criti-
cal for the normal trafficking of mGluR1, since S-SCAM inter-
acts with tamalin through this region. Although we show here
that the N-terminal region of tamalin also plays a critical role in
the trafficking of mGluR1, the mechanism by which this region
regulates the trafficking of group I mGluRs needs to be investi-
gated. As stated before, inappropriate trafficking of group I
mGluRs could lead to improper signaling, with pathological
consequences. Inappropriate signaling of group I mGluRs has
been suggested to be involved in the pathophysiology of multi-
ple cognitive disorders, such as fragile X syndrome, autism, etc.
Indeed, our data suggest that in the absence of tamalin, the re-
ceptor does not internalize upon application of the ligand. This
might have a profound effect on the activity of the receptor.We
showed earlier that the internalization and recycling ofmGluR1
are required for the resensitization of the receptor (21, 22).
Therefore, inhibition in the internalization of mGluR1 in tama-
lin knockdown cells might affect the resensitization of the re-
ceptor; this still needs to be tested. Taken together, our results
reveal a critical role of tamalin in controlling the normal traf-
ficking of group I mGluRs, dysregulation of which could con-
tribute to these disorders by altering the activity as well as spa-
tiotemporal localization of the receptor. For these reasons,
further study in the near future of the regulation of group I
mGluRs by tamalin and tamalin-interacting proteins is of para-
mount importance.

Materials and methods

Materials

The Myc-mGluR1 and Myc-mGluR5 constructs in which
theMyc epitope was tagged at the N terminus of the full-length
mGluR1/mGluR5 were a generous gift from Kathrine Roche
(NIH, USA). Full-length mouse tamalin was obtained from Shi-
getada Nakanishi (Osaka Bioscience Institute, Japan), full-
length human Norbin was a gift from Heidi Welch (Babraham
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Institute, UK), and ratMyc–S-SCAMwas obtained fromAddg-
ene (USA). Reagents for cell culture were purchased from Invi-
trogen (USA). Polyethylenimine, floxuridine, PFA, poly-D-ly-
sine, and Fluoromount aqueous mounting medium were
obtained from Sigma (USA). Protein G beads were from Gen-
Script (USA). R,S-DHPG, APV, and DNQX were purchased
from Tocris (UK). TTX was purchased from Adooq Bioscien-
ces (USA). Fine chemicals were obtained from Life Technolo-
gies (USA) andMerck Ltd. (USA). The primary antibodies were
purchased from following companies: anti-Myc antibody from
Abcam (UK), anti-HA antibody from Roche (USA), anti-GFP
antibody from Life Technologies (USA), anti-tamalin antibody
from Rockland Immunochemicals (USA), anti-S-SCAM anti-
body from Millipore (USA), anti-b-actin antibody from Santa
Cruz Biotechnology (USA), anti-tubulin antibody from Sigma
(USA), and anti-GluA1 antibody from Calbiochem (USA). All
secondary antibodies were purchased from Invitrogen (USA).
An ECL Western blotting detection kit was obtained from GE
Healthcare (USA). ON-TARGETplus SMARTpool siRNA
against S-SCAM was obtained from Thermo Scientific Dhar-
macon (USA).

Construct preparation

We first identified a highly effective shRNA to tamalin
(shTam) that robustly reduced the endogenous tamalin levels
in dissociated neuron cultures when assessed by immunocyto-
chemistry and Western blotting. The shRNA against tamalin
(shTam) was cloned in a multipromoter vector under the con-
trol of the H1 promoter targeting the tamalin sequence
GCATCTATGACACACTGGAGT. Enhanced GFP expres-
sion, which was under the control of the internal ribosome
entry site, was used to identify transfected cells. We observed
that shTam was very effective in knocking down the endoge-
nous tamalin in primary neurons (Fig. S4). The replacement
constructs were cloned under the ubiquitin promoter of the
vector containing shTam. These replacement constructs
include shTam:Tam (full-length tamalin), shTam:N-Tam
(amino acids 1 to 209 of tamalin were present), shTam:C-Tam
(amino acids 173 to 394 of tamalin were present), and shTam:
TamD8 (the last 8 amino acids of tamalin were deleted). A sche-
matic diagram of all the tamalin constructs used in this study is
presented in Fig. S5. Silent mutations were introduced into the
tamalin target region of shTam to generate the above-described
replacement constructs. These silent mutations in the shTam-
binding region in the replacement tamalin prevented the
knockdown of the replacement constructs by shTam, but
simultaneously the endogenous tamalin was down-regulated.
All replacement constructs were tagged with the HA epitope at
the N terminus of the protein.

Dissociated hippocampal neuron cultures

Studies done on mouse primary hippocampal neuron cul-
tures were approved by the Institutional Animal Ethics Com-
mittee of the Indian Institute of Science Education and
Research Mohali. Dissociated primary hippocampal neuron
cultures were prepared from C57BL/6 P0 mouse pups of both
sexes as described previously with minor changes (19, 21, 22).

Briefly, P0 mouse pups were sacrificed, and hippocampi were
obtained from them. Subsequently, papain treatment was done
to dissociate the tissue. Approximately 150,000 cells were then
plated on coverslips coated with poly-D-lysine in sodium borate
(50 mg/ml poly-D-lysine plus 0.1 M sodium borate) in 12-mm
wells of a 24-well plate. Cultures weremaintained in neurobasal
medium with 0.5 mM glutamine and B27 supplement. Glial
growth was inhibited by adding floxuridine on the 4th day of
culture.

HEK293 cell culture and transfection

HEK293 cells were cultured in DMEM supplemented with
10% FBS and an antibiotic-antimycotic mix at 37°C and 5%
CO2. Transfection of the cells was performed on 60-mm dishes
coated with 50 mg/ml poly-D-lysine using polyethyleneimine
and DNA in a 3:1 ratio in plain DMEM. Experiments in
HEK293 cells were carried out 24 h posttransfection.

Transfection in primary hippocampal neurons

Primary hippocampal neurons were cotransfected withMyc-
mGluR1/Myc-mGluR5, shTam, and various tamalin replace-
ment constructs at 8 to 9 days in vitro using calcium phosphate
(33). Experiments were carried out when the cells were at 12 to
14 days in vitro. In order to study the effect of the knockdown
of S-SCAM on the trafficking of group I mGluRs, ON-TAR-
GETplus SMARTpool siRNA against S-SCAM and scrambled
siRNA were cotransfected with Myc-mGluR1/Myc-mGluR5
cDNA into primary hippocampal neurons at 8 to 9 days in
vitro using Lipofectamine 3000 following the manufacturer’s
instructions. Experiments were carried out in cells at 12 to 14
days in vitro.

mGluR endocytosis assay

Primary hippocampal neurons were cotransfected with the
Myc-mGluR1/Myc-mGluR5 cDNA and with either shTam or
shTam containing tamalin replacement constructs. Experi-
ments were carried out 4 to 6 days posttransfection. Live cells
were incubated with mouse anti-Myc primary antibody (1:250)
for 20 min at 37°C. Following that, 100 mM R,S-DHPG, which is
a specific agonist of group I mGluRs, was applied for 5 min.
Subsequently, R,S-DHPG was removed, and cells were incu-
bated at 37°C for various time periods in plain neurobasal me-
dium in the absence of the ligand. Cells were then fixed without
permeabilization using ice-cold 4% PFA for 15 min on ice.
Receptors localized at the cell surface were labeled with the sat-
urating concentration of Alexa Fluor 568-conjugated goat anti-
mouse immunoglobulin secondary antibody (1:100) for 1 h at
37°C. After that, cells were permeabilized with 0.1% Triton X-
100 for 30 min at room temperature. The endocytosed recep-
tors were then labeled by the application of Alexa Fluor 647-
conjugated goat anti-mouse immunoglobulin secondary anti-
body (1:800) for 1 h at 37°C. Subsequently, the cotransfected
shRNA constructs containing the enhanced-GFP- and HA-
tagged replacement constructs were stained with rabbit anti-
GFP antibody (1:500) and rat anti-HA antibody (1:500), respec-
tively, overnight at 4°C. Next, appropriate Alexa Fluor 488-con-
jugated secondary antibodies against the respective primary
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antibodies were applied. The coverslips were mounted on glass
slides and scanned under the confocal microscope. In order to
ensure that the secondary antibody that we used to label the
internalized receptors, viz., the Alexa Fluor 647-conjugated sec-
ondary antibody, did not label any detectable surface receptors
in our experiments, we performed control experiments to
determine the saturating concentration of the first secondary
antibody, similar to those described in our earlier studies
(19–22, 34). The control experiments suggested that in our
assays, Alexa Fluor 647-conjugated secondary antibody did not
label any detectable amount of surface receptors, and thus, it
stained the internalized receptors only (data not shown).

AMPAR endocytosis assay

For investigation of the role of tamalin in the mGluR-medi-
ated AMPAR endocytosis, primary hippocampal neurons were
transfected with shTam, shTam:Tam, or shTam:TamD8 as
described above, and mGluR-mediated AMPAR endocytosis
was assayed using the protocol we used before (21, 22). To
study mGluR-mediated AMPAR endocytosis, cells were prein-
cubated with appropriate mixtures of antagonists: 1 mM TTX
(presynaptic release blocker), 20 mM DNQX (antagonist for
AMPARs), and 50 mM APV (antagonist for N-methyl-D-aspar-
tate receptors) for 30 min. Subsequently, surface GluA1-con-
taining AMPARs were labeled in live neurons by 15 min incu-
bation at 37°C with a rabbit polyclonal antibody directed
against the N terminus of the GluA1 subunit (1:20). After re-
moval of the primary antibody, 100 mM R,S-DHPG was applied
for 5 min. The agonist was then washed out, and cells were fur-
ther incubated in the presence of the antagonists for a total of
15 min at 37°C. Following the completion of the incubation pe-
riod, cells were fixed in 4% PFA for 15 min on ice without per-
meabilization, and surface receptors were labeled by applica-
tion of the saturating amount of goat-anti rabbit Alexa Fluor
568-conjugated secondary antibody (1:100). Subsequently, cells
were permeabilized with 0.1% Triton X-100 for 30 min at room
temperature, and the internalized receptors were stained with
the goat anti-rabbit Alexa Fluor 647-conjugated secondary
antibody (1:750). Again, in order to make sure that the Alexa
Fluor 647-conjugated secondary antibody did not label any de-
tectable surface receptors in our assays, we determined the sat-
urating concentration of the first secondary antibody through a
control experiment similar to that described in our earlier stud-
ies (21, 22, 25).

Colocalization assay

In order to investigate whether different mutants of tamalin
are targeted at the synapse, the extent of colocalization of the
mutants with the presynaptic protein Bassoon were measured.
Bassoon is a core component of the active zone that is com-
monly used to identify presynaptic terminals (29). Briefly, pri-
mary hippocampal neurons were transfected with different
HA-tagged tamalin mutants using calcium phosphate on day 6
or 7 in vitro. At 12 to 14 days in vitro, cells were fixed with ice-
cold 4% PFA on ice for 15 min. Subsequently, cells were perme-
abilized by 0.1% Triton X-100 for 30 min at room temperature.
Cells were then stained with rat anti-HA primary antibody

(1:500) and rabbit anti-Bassoon antibody (1:500) by incubating
overnight at 4°C. Afterward, cells were incubated with goat
anti-rat Alexa Fluor 568- and goat anti-rabbit immunoglobulin
Alexa Fluor 647-conjugated secondary antibodies for 1.5 h at
37°C to visualize the tamalin constructs and Bassoon, respec-
tively. Coverslips were then mounted on glass slides and
imaged under a confocal microscope.

Immunoprecipitation and Western blotting analysis

For the detection of the shRNA-mediated knockdown of en-
dogenous tamalin and expression of replacement constructs,
primary neurons were transfected with the respective con-
structs. At 3 to 4 days posttransfection, neurons were lysed in
radioimmunoprecipitation assay lysis buffer containing a pro-
tease inhibitor mixture. The samples were then boiled in 53
Laemmli sample buffer for 10 min and subjected to SDS-PAGE
by loading an equal amount of protein in each lane. Subse-
quently, they were transferred to a PVDF membrane and
blocked with 5% skimmilk in 0.05% PBS-Tween for 2 h at room
temperature. The membrane was then incubated with either
anti-tamalin rabbit polyclonal antibody (1:500) and anti-
b-actin (1:1000) antibody at 4°C overnight. Membranes were
washed and incubated in horseradish peroxidase-conjugated
secondary antibodies for 45 min at room temperature. Blots
were developed using an ECL Western detection kit, and
images were acquired in ImageQuant LAS 4000. Knockdown of
the endogenous S-SCAM was studied by transfecting primary
neurons with either siRNA against S-SCAM (ON-TARGET-
plus SMARTpool) or scrambled siRNA (si-control) (Dharma-
con, Thermo Scientific, Lafayette, CO, USA). At 72 h posttrans-
fection, neurons were lysed in radioimmunoprecipitation assay
lysis buffer containing a protease inhibitor mixture. Western
blotting was carried out in a manner similar to that described
above by using anti-S-SCAM rabbit polyclonal antibody
(1:1000) and anti-tubulin mousemAb (1:1000).
In order to check for the effect of the deletion of the last 8

amino acids at the C-terminal region of tamalin on the interac-
tion of tamalin with S-SCAM, HEK293 cells were plated on a
60-mm culture dish. Cotransfection of HA-tagged full-length
tamalin and TamD8 with S-SCAMwas performed the next day.
At 24 h posttransfection, 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, 1mMMgCl2, 1 mMNa3VO4, 13 protease in-
hibitor mixture). The lysate was centrifuged at 16,000 rpm for
15 min. Then 80 ml of supernatant was collected as input.
Immunoprecipitation was done using HA antibody-bound pro-
tein G beads. The immunoprecipitates pulled by HA beads
were eluted and boiled in 23 Laemmli sample buffer at 99°C for
10 min. The samples were then subjected to SDS-PAGE fol-
lowed by Western blotting as described above. The immuno-
blotting of tamalin mutants and S-SCAM protein was carried
out using anti-HA antibody (1:1000) and anti-S-SCAM anti-
body (1:500), respectively.

Image acquisition and analysis

Cells were imaged in Zeiss LSM 780 confocal laser scanning
microscope using a 633 oil immersion objective (numerical
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aperture, 1.4). Each experiment was repeated at least three
times. Images from all the conditions in a particular experiment
were acquired using identical parameters. All the analysis pro-
cedures are described in our previous studies (19–22, 34).
Briefly, raw images were used for all analyses, and quantitation
was done using ImageJ software (NIH, USA) (35). Raw images
were maximally projected and thresholded using identical val-
ues for a particular experiment. The thresholded areas occu-
pied by the fluorescence of the labeled surface and internalized
receptors were subsequently measured. The internalization
index was then calculated by dividing the value contributed by
the internal fluorescence by the value contributed by the total
fluorescence (surface plus internal). These values were then
normalized with respect to their controls. To measure the sur-
face receptors in all our assays, surface fluorescence was divided
by the cell area, which was determined by measuring back-
ground fluorescence using a low threshold level. These values
were then normalized with respect to the control cells. All the
data represent dendritic values for primary hippocampal neu-
rons, which was defined by the area 10 mm away from the
soma. Synaptic localization of various tamalin constructs was
defined by visual colocalization with presynaptic Bassoon
puncta along 30-mm portions of dendrites. The quantitative
data from all the experiments are presented as a combination
of results from all three repeats of that particular experiment.
The raw images were processed in Adobe Photoshop software
using identical values of brightness and contrast to obtain the
representative images. All the Western blots were also quanti-
fied using ImageJ software.

Statistical analysis

As stated above, each experiment was repeated three times.
Data are presented as means6 S.E. Experimental group results
were compared with each other using Student’s t test or one-
way analysis of variance followed by Tukey’s posttest. A p value
of.0.05 was considered nonsignificant.

Data availability

All data are contained within themanuscript.
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