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The two members of the Staufen family of RNA-binding proteins, Stau1 and Stau2, are present in distinct ribonucleoprotein

complexes and associate with different mRNAs. Stau1 is required for protein synthesis–dependent long-term potentiation

(L-LTP) in hippocampal pyramidal cells. However, the role of Stau2 in synaptic plasticity remains unexplored. We found

that unlike Stau1, Stau2 is not required for L-LTP. In contrast, Stau2, but not Stau1, is necessary for DHPG-induced

protein synthesis-dependent long-term depression (mGluR-LTD). While Stau2 is involved in early development of

spines, its down-regulation does not alter spine morphology or spontaneous miniature synaptic activity in older cultures

where LTD occurs. In addition, Stau2, but not Stau1, knockdown reduces the dendritic localization of Map1b mRNA, a

specific transcript involved in mGluR-LTD. Moreover, mGluR stimulation with DHPG induces Map1b, but not Map2,

mRNA dissociation from mRNA granules containing Stau2 and the ribosomal protein P0. This dissociation was not

observed in cells in which Stau2 was depleted. Finally, Stau2 knockdown reduces basal Map1b protein expression in den-

drites and prevents DHPG-induced increases in dendritic Map1b protein level. We suggest a role for Stau2 in the generation

and regulation of Map1b mRNA containing granules that are required for mGluR-LTD.

[Supplemental material is available for this article.]

mRNA transport allows for production of proteins at a specific
place and time (Holt and Bullock 2009). Sequences in the mRNA
determine localization by providing binding sites for mRNA-
binding proteins that mediate inclusion into specialized mRNA–
protein transport complexes (Andreassi and Riccio 2009). These
complexes (1) enable repression of the mRNA during transport,
(2) provide association with motor proteins, and (3) confer
specific mechanisms for translation activation of the mRNA
(Sanchez-Carbente and DesGroseillers 2008). These RNA–protein
transport complexes can be broadly separated into two types: (1)
RNA granules containing ribosomes postulated to correspond
to stalled polysomes and (2) RNA transport complexes lacking
ribosomes and stalled at translation initiation (Sossin and
DesGroseillers 2006).

Neurons use mRNA transport during development to regu-
late axon determination (Morita and Sobue 2009), growth cone
turning (Lin and Holt 2007), neurite outgrowth (Hengst et al.
2009), and synapse maturation (Miniaci et al. 2008; Sebeo et al.
2009). After maturation, neurons use local translation both to
concentrate proteins at specific sites and to respond to inputs in
a local fashion by local changes in the proteome that regulate syn-
aptic strength (Sutton and Schuman 2006; Bramham and Wells
2007; Sanchez-Carbente and DesGroseillers 2008).

In particular, local translation of mRNAs is important for
the late forms of long-term potentiation (L-LTP) and mGluR
long-term depression (LTD) (Huber et al. 2000; Bradshaw et al.
2003). In mGluR-LTD, pre-localized mRNAs are translationally
activated, and thus transcription is not required (Huber et al.
2000). The newly formed proteins mediate LTD by stimulating
the endocytosis of AMPA receptors and allowing retention of
these receptors in an internal pool (Bramham et al. 2008;
Waung et al. 2008). Specifically, both Arc and Map1b are
translationally up-regulated during mGluR-LTD and are known
to be required for the maintenance of this form of plasticity
(Davidkova and Carroll 2007; Waung et al. 2008). In L-LTP,
translation of both preexisting mRNAs and mRNAs transported
after de novo synthesis is important for the maintenance of
L-LTP.

It would be interesting if particular RNA-binding proteins
were involved in specific forms of plasticity, suggesting co-
regulation of plasticity-related proteins. Recently, we showed
that the RNA-binding protein Staufen 1 (Stau1) is required for
L-LTP (Lebeau et al. 2008). In vertebrates, there are two members
of the Staufen protein family, Stau1 and Staufen 2 (Stau2), that are
constituents of distinct RNA granules in neurons (Duchaine et al.
2002). In this study, we compare the effects of removing Stau1
and Stau2 on L-LTP and mGluR-LTD. Strikingly, Stau1 down-
regulation impairs only L-LTP, while Stau2 knockdown alters
only mGluR-LTD, demonstrating specific roles for these two pro-
teins in distinct forms of plasticity. Removal of Stau2 specifically
decreases transport of a reporter with the Map1b 3′-UTR, while
DHPG, an inducer of mGluR-LTD, dissociates Stau2 from Map1b
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3′-UTR puncta that colocalize with the ribosomal protein P0, sug-
gesting an action on mRNA granules.

Results

Down-regulation of Stau2 by

siRNA transfection
The efficacy and specificity of the siRNAs against Stau1 and Stau2
were tested by Western blot analysis in human embryonic kidney

cells (HEK293) and in mature hippocam-
pal slice cultures (21–24 d). First, HEK293
cells were cotransfected with plasmids
coding for mStau1-HA or mStau2-HA
and hnRNPH1-myc (used as control), as
well as either a non-targeting siRNA
(siRNA-CTL) or an siRNA directed
against Stau1 or Stau2 (siRNA-STAU1,
siRNA-STAU2-1, and siRNA-STAU2-2)
(Fig. 1A,B). Western blot analysis with
anti-HA and anti-myc antibodies indi-
cated a significant reduction in the
amounts of Stau2-HA relative to
hnRNPH1-myc when cotransfected with
siRNA-STAU2-1 (39.7%+3.2% of con-
trol; n ¼ 3; ∗P , 0.05; Student’s t-test)
and siRNA-STAU2-2 (34.3%+3.9% of
control; n ¼ 3; ∗P , 0.05; Student’s t-
test), compared to siRNA-CTL (Fig.
1A,B). When plasmid coding for Stau1-
HA instead of Stau2-HA was trans-
fected in HEK293 cells, no significant
decrease in the expression of Stau1
protein was observed in the presence
of either siRNA-STAU2 compared to
siRNA-CTL (siRNA-STAU2-1: 92.0%+

5.1% of control; siRNA-STAU2-2:
76.3%+6.2% of control; n ¼ 3; P .

0.05; Student’s t-test) (Fig. 1A,B). These
results indicate that transfection of both
siRNAs against Stau2 is efficient in down-
regulating the expression of Stau2 and
the down-regulation is specific, leaving
Stau1 levels intact. We observed the
same efficacy and specificity of Stau1
siRNA on Stau1-HA and Stau2-HA expres-
sion levels (Stau1-HA: 26.7%+7.5% of
control; ∗P , 0.05; Stau2-HA: 96.3%+

8.7% of control; n ¼ 3; P . 0.05;
Student’s t-test) (Fig. 1A,B).

Next, we tested the efficacy of
siRNA-STAU2-1 transfection to down-
regulate endogenous Stau2. Biolistic
siRNA delivery was performed in 14 DIV
slice cultures with either a nontargeting
siRNA (siRNA-CTL), or siRNA directed
against Stau1 (siRNA-STAU1) or Stau2
(siRNA-STAU2-1). While biolistic DNA
plasmid transfection in organotypic
slice cultures leads to only a small per-
centage of transfected neurons (1%–
2%) (Wellmann et al. 1999; Boda et al.
2004; Govek et al. 2004), we have found
that delivery of siRNAs is much more effi-
cient (Lebeau et al. 2008). Indeed, using a
fluorescently labeled siRNA, one can

detect high levels of siRNA in most of the superficial principal
neurons in slices where the electrophysiological recordings are
performed (Lebeau et al. 2008). The higher transfection efficiency
may be due to the requirement for plasmid DNAs to penetrate not
only the plasma membrane but also the nuclear membrane for
effectiveness, while siRNA is effective in the cytoplasm. Efficient
knockdown using siRNA in organotypic slice cultures has also
been seen in other studies (Murphy et al. 2008; Dominguez
et al. 2009). Two days post-transfection, slices were homogenized
and analyzed by Western blotting using anti-Stau2 antibody

Figure 1. Knockdown of Stau2 by siRNA in HEK293 cells, hippocampal slice cultures, and primary
hippocampal neurons. (A,B) Stau2 protein expression level was monitored by Western blotting in
HEK293 cells. HEK293 cells were cotransfected with plasmids coding for hnRNPH1-myc and either
mStau2-HA or mStau1-HA, as well as either siRNA-CTL, siRNA-STAU1, siRNA-STAU2-1, or
siRNA-STAU2-2 (A). Expression of the proteins was analyzed using anti-HA and anti-myc antibodies
and plotted as the percentage of expression of Stau1-HA or Stau2-HA compared to that of
hnRNPH1-myc (B). Expression of Stau2-HA and Stau1-HA in cells with siRNA-CTL was set to 100%.
Protein expression level (%) of Stau2, but not of Stau1, is significantly down-regulated in cells trans-
fected with both siRNAs against Stau2. Protein expression level (%) of Stau1, but not of Stau2, is sig-
nificantly down-regulated in cells transfected with siRNA-STAU1. (C,D) Stau2 protein expression level
was monitored by Western blotting in older mature hippocampal slice cultures (21–24 d) biolistically
transfected with siRNA-CTL, siRNA-STAU2-1, or siRNA-STAU1. Stau2-1 siRNA significantly decreases the
amount of the four endogenous Stau2 isoforms (arrows point to 62, 59, 56, and 52 kDa, respectively;
normalized to Erk level). (E–G) Representative neurons from primary cultures cotransfected with EYFP
and siRNA-CTL or si-RNA-STAU2-1, and stained for endogenous Stau2. (Left panels) EYFP expressing
neurons with the box indicating the area shown in the right panels. (Center panels) DIC images of
the neurons. (Right panels) The top image is the EYFP-expressing dendrite; the bottom image is the
endogenous Stau2. (Arrows) Stau2 puncta. (F) Quantification of the number of Stau2 puncta/mm
.50 mm from the cell body (n ¼ 30, siRNA-CTL; n ¼ 33, siRNA-STAU2-1; three to four independent
experiments). (G, left panels) siRNA-CTL transfected neurons. (Right panels) siRNA-STAU2-1 transfected
neurons. (Top images) eYFP expression; (bottom images) endogenous Stau2. The arrows in right panels
indicate an siRNA-STAU2-1-transfected cell beside an untransfected cell. ∗P , 0.05, t-test. Error bars
represent SEM; scale bars, 20 mm and 10 mm for inset.
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(Fig. 1C). Slices transfected with siRNA-STAU2-1 revealed a signif-
icant reduction in endogenous Stau2 expression level compared
to slices transfected with siRNA-CTL (58.1%+8.8% of control;
n ¼ 6, two independent experiments; ∗P , 0.05) (Fig. 1D). Since
the entire slices were taken for Western blot experiments, while
only the neurons at the superficial level receive siRNA, the results
from this analysis underestimate the knockdown in the neurons
recorded in field recording experiments (Lebeau et al. 2008).
Stau2 expression levels were not significantly altered in slices
transfected with siRNA-STAU1 (83.4%+15.5% of control).
These results indicate that transfection of siRNA-STAU2-1 is effi-
cient and specific in down-regulating the expression of Stau2 pro-
tein. Efficacy and selective knockdown of Stau1 endogenous
protein levels by siRNA-STAU1 were tested previously (Lebeau
et al. 2008), and a 32% decrease of protein level expression was
observed, similar to the 42% decrease seen for Stau2. Next, we
verified Stau2 knockdown efficacy in individual cells by transfect-
ing primary hippocampal cultures with siRNA-CTL or
siRNA-STAU2-1 on 13 DIV and fixing the cells on 15 DIV. The neu-
rons were immunostained for endogenous Stau2, confirming that
the knockdown was effective in dendrites and soma (Fig. 1E–G).

Stau2 knockdown does not block L-LTP
Local translation of mRNAs in dendrites is required for synaptic
plasticity (Kiebler and DesGroseillers 2000; Steward and
Schuman 2001). The RNA-binding proteins Stau1 and Stau2,
known to be involved in mRNA trafficking to neuronal dendrites
(Kanai et al. 2004; Kim and Kim 2006) and translational regula-
tion (Dugre-Brisson et al. 2005), are good candidates for regulating
synaptic plasticity. Indeed, we recently showed that Stau1 is
involved in the late form of LTP (L-LTP) (Lebeau et al. 2008), a syn-
aptic plasticity process that requires both transcription and trans-
lation (Krug et al. 1984; Frey et al. 1988; Otani et al. 1989; Nguyen
et al. 1994). However, the role of Stau2 in synaptic plasticity
remains undetermined. Therefore, we first studied the conse-
quence of Stau2 knockdown on forskolin (FSK)-induced L-LTP
of CA1 fEPSPs in young mature hippocampal slice cultures (11–
14 d) and compared it to that reported for Stau1. This L-LTP is
NMDAR-dependent and is blocked by actinomycin D (Lebeau
et al. 2008). Slice cultures were biolistically cotransfected with
plasmid coding for EYFP and siRNA-CTL, siRNA-STAU1, or
siRNA-STAU2-1. In slices transfected with siRNA-CTL, application
of FSK induced L-LTP of fEPSPs lasting at least 3.5 h (164.9%+

13.3% of control; n ¼ 5; ∗P , 0.05) (Fig. 2A,B). As expected,
FSK-induced L-LTP was blocked in slices transfected with
siRNA-STAU1 (105.6%+7.9% of control; n ¼ 7; P . 0.05)
(Fig. 2A,B). In contrast, FSK-induced L-LTP was not impaired after
Stau2 knockdown (175.0%+12.8% of control; n ¼ 5; ∗P , 0.05)
(Fig. 2A,B). The depression of fEPSP responses in the first 60 min
after LTP induction is due to FSK-induced spontaneous activity
interfering with fEPSPs measures (Otmakhov et al. 2004; Kopec
et al. 2006). Similar forskolin-induced spontaneous synaptic
activity was observed in all three groups. Moreover, basal synaptic
transmission was unchanged after knockdown of Stau1 or Stau2,
as shown by input–output function (n ¼ 6 to 8; P . 0.05)
(Fig. 2C) and paired-pulse facilitation ratio (at intervals of 50 to
150 msec) of fEPSPs (n ¼ 4 to 8; P . 0.05) (Fig. 2D). These results
indicate that Stau2 is not required for FSK-induced L-LTP, and
thus Stau1 and Stau2 do not share a similar role in this form of
synaptic plasticity.

mGluR-LTD is impaired by Stau2 knockdown
Next, we determined whether Stau2 is involved in translation-
dependent mGluR1/5-mediated long-term depression (mGluR-
LTD) in slice cultures. Activation of mGluR1/5 by the selective

agonist DHPG produces LTD, which requires local translation of
dendritic mRNAs in mature neurons, but not earlier in develop-
ment (Fitzjohn et al. 1999; Huber et al. 2000; Nosyreva and Huber
2005).First,weestablishedthatmGluR1/5-mediatedLTDisprotein
synthesis-dependent in our slice culture model. As expected, appli-
cation of DHPG in older mature slice cultures (21–24 d) induced
LTD of fEPSPs in siRNA-CTL transfected slices (63.1%+2.9% of
control; n ¼ 5; ∗P , 0.05) (Fig. 3A,D), which was dependent on
protein synthesis as it was completely blocked by application of
rapamycin (98.1%+9.3% of control; n ¼ 7; P . 0.05) (Fig. 3A,D).

Next, we examined the importance of Stau2 expression for
mGluR-LTD. We showed previously that Stau1 knockdown does
not affect translation-independent DHPG-induced LTD in young
mature hippocampal slice cultures (11–14 d) (Lebeau et al. 2008).
Thus, we tested translation-dependent mGluR-LTD in older
mature slice cultures (21–24 d) transfected with siRNA-STAU1,
siRNA-STAU2-1, siRNA-STAU2-2, or siRNA-CTL. Stau1 down-
regulation had no effect on mGluR-LTD since application of
DHPG induced a similar fEPSP depression in slices transfected
with siRNA-STAU1 (74.0%+13.7% of control; n ¼ 7; ∗P , 0.05)

Figure 2. Stau2 siRNA does not prevent FSK-induced L-LTP. (A)
Potentiation of fEPSP slope induced by FSK application (50 mM, 15 min)
in mature cultured slices transfected with siRNA-CTL, siRNA-STAU1, and
siRNA-STAU2-1. Corresponding field potentials before (black line) and
after (gray line) FSK application are shown at right. (B) Summary bar
graph showing changes in fEPSPs slope 200 min post-FSK application.
Significant L-LTP was present in slices transfected with siRNA-CTL and
siRNA-STAU2-1 but absent in slices transfected with siRNA-STAU1, indi-
cating that only Stau1 knockdown prevents L-LTP. ∗P , 0.05, t-test.
Error bars represent SEM. (C,D) Stau1 and Stau2 siRNA transfection did
not affect basal synaptic transmission ([C ] input–output function; [D]
paired-pulse facilitation ratio).
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(Fig. 3A,D). These results suggest that Stau1 is not implicated
in protein synthesis-dependent mGluR-LTD. In contrast, knock-
down of Stau2 by two different siRNAs prevented mGluR-LTD
(siRNA-CTL: 53.2%+6.9% of control; n ¼ 8; ∗P , 0.05; siRNA-
STAU2-1: 94.2%+8.1% of control; n ¼ 7; P . 0.05; siRNA-
STAU2-2: 97.1%+5.9% of control; n ¼ 8; P . 0.05) (Fig. 3B–D).
These results indicate that, in contrast to Stau1, Stau2 is necessary
for mGluR-LTD. Taken together, our results provide strong evi-
dence for subtype-specific roles of Stau1 and Stau2 in translation-
dependent forms of long-term plasticity, with Stau1 critically
implicated in FSK-induced L-LTP and Stau2 essentially involved
in mGluR1/5-mediated LTD.

Stau2 down-regulation alters spine morphology in young

but not older slice cultures
It was previously shown that Stau2 down-regulation alters spine
morphogenesis (Goetze et al. 2006). In order to understand the
role of Stau2 in mGluR-LTD at a cellular level, we next examined
if Stau2 knockdown induces some changes in dendritic spine
density and morphology in young (11–14 d) and older (21–24
d) mature slice cultures where protein synthesis-dependent
mGluR-LTD occurs. Therefore, hippocampal slices were trans-
fected with plasmids coding for EYFP and either siRNA-STAU2-1
or siRNA-CTL. Confocal imaging of EYFP-labeled cells showed
no apparent alteration in the general dendritic arborization in
any group (Fig. 4A). The overall spine density was unchanged
among cells of young (11–14 d) versus older (21–24 d) groups
and also was unaltered after Stau2 knockdown in either group,
indicating, first, no notable increase in spine number in older

mature slices, and, second, no loss of spines after Stau2 knock-
down (Fig. 4B). To further characterize changes in spine morphol-
ogy, we studied the distribution of different classes of protrusions
categorized on length, shape, and spine head occurrence
(McKinney 2005; Lebeau et al. 2008). In accordance with results
obtained after Stau2 knockdown in neuronal cultures (Goetze
et al. 2006), increases in spine length and incidence of elongated
type of spines were observed in siRNA-STAU2-1-transfected cells
of young (11–14 d) mature slices. The cumulative distribution
of spine length was different, the mean spine length was increased
(1.18+0.03 mm for siRNA-STAU2-1 vs. 1.09+0.02 mm for
siRNA-CTL; ∗P , 0.05) (Fig. 4C), and the proportion of elongated
spines was augmented (46.4%+2.1% of total spine number for
siRNA-STAU2-1 compared to 39.4%+2.4% for siRNA-CTL; ∗P ,

0.05) (Fig. 4D). In contrast, no changes in dendritic spine length
and proportion of elongated spines were seen after Stau2 knock-
down in older (21–24 d) mature slice cultures (Fig. 4C,D). Thus,
Stau2 appears to have a role early in the development of dendritic
spine morphogenesis. However, this function is no longer present
in older (21–24 d) mature slice cultures at stages when Stau2 plays
an essential role in mGluR-LTD, indicating a dissociation of its
role in spine alterations and mGluR-LTD.

Miniature synaptic activity is not affected by Stau2

knockdown
We next tested whether Stau2 down-regulation was associated
with functional changes at unitary excitatory synapses in older
mature slices (21–24 d). We recorded miniature EPSCs (mEPSCs)
in EYFP-transfected CA1 pyramidal cells voltage-clamped at

Figure 3. Stau2 siRNA impairs mGluR-induced protein synthesis-dependent LTD. (A) Long-term depression of fEPSP slope induced by DHPG appli-
cation (100 mM, 10 min) in older mature slice cultures transfected with siRNA-CTL and siRNA-STAU1. LTD is blocked by the protein synthesis inhibitor
rapamycin (200 nM, 20 min before and after LTD induction; siRNA-CTL transfection). Corresponding field potentials before (black line) and after
(gray line) DHPG application are shown at right. (B,C) DHPG-induced LTD is blocked by two different Stau2 siRNAs, siRNA-STAU2-1 (B) and
siRNA-STAU2-2 (C). Corresponding field potentials before (black line) and after (gray line) DHPG application are shown at right. (D) Summary bar
graph showing changes in fEPSPs slope 60 min post-DHPG application. Significant LTD was present in slices transfected with siRNA-CTL and
siRNA-STAU1, but was blocked by rapamycin, indicating that mGluR-induced LTD is protein synthesis-dependent in older mature slice cultures. Stau2
siRNA transfection prevented DHPG-induced LTD, indicating that only Stau2 knockdown impairs mGluR-LTD. ∗P , 0.05, t-test. Error bars represent SEM.
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260 mV and examined the effect of siRNAs on amplitude and
frequency of synaptic activity (Fig. 5A). Stau2 siRNA transfection
did not affect miniature synaptic activity. The cumulative distri-
butions of mEPSC amplitude and frequency were unchanged in
neurons transfected with siRNA-STAU2-1 relative to neurons
transfected with siRNA-CTL (n ¼ 6 each, six slices, four independ-
ent experiments, P . 0.05; Kolmogorov-Smirnov test) (Fig. 5B,C).
The lack of effect on miniature synaptic activity in mature slices
suggests that Stau2 down-regulation does not affect basal trans-
mission at individual excitatory synapses, which is consistent
with the unaffected spine morphology.

Stau2 knockdown reduces endogenous Map1b protein

in dendrites
Staufens are RNA-binding proteins; thus we examined next
whether the block of mGluR-LTD was associated with changes

in translation of mRNAs known to be
involved in this plasticity. Map1b pro-
tein level increases during DHPG-
induced LTD, and this increase is
required for endocytosis of AMPARs
(Hou et al. 2006; Davidkova and Carroll
2007). We thus investigated whether
Stau2 knockdown regulated endogenous
Map1b levels using immunocytochemis-
try in cultured hippocampal neurons
at 48 h post-transfection with siRNA-
CTL or siRNA-STAU2-1. Map1b was ex-
tensively expressed in dendrites of
hippocampal neurons transfected with
siRNA-CTL, and 20 mM DHPG treatment
significantly increased dendritic levels
of Map1b protein (120.9%+4.04%
of vehicle-treated siRNA-CTL; ∗P ,

0.05; ANOVA) (Fig. 6A,B). Knockdown
of Stau2 significantly decreased the
level of endogenous Map1b protein
(55.80%+4.68% of vehicle-treated
siRNA-CTL; ∗∗P , 0.01; ANOVA) and pre-
vented the DHPG-induced increase in
Map1b protein levels (58.15%+6.30%
of vehicle-treated siRNA-CTL; ∗∗P ,

0.01; ANOVA) (Fig. 6A,B). Our results
reveal a functional link between Stau2
and expression of endogenous Map1b
protein in dendrites. Moreover, these
observations are consistent with a model
in which knockdown of Stau2 blocks
mGluR-LTD by preventing translation
of mGluR-LTD-related mRNAs.

Stau2 knockdown reduces the

amount of Map1b mRNA in

dendrites
We then tested at the molecular level if
Stau2 down-regulation alters the trans-
port/distribution of Map1b mRNA. We
made use of the MS2 reporter system in
which a chimeric mRNA that contains
multiple MS2-binding sites (MS2bs) in
its 3′-UTR is detected by the binding of
a fluorescently tagged MS2 protein
(Rook et al. 2000). In this study, we
used the luciferase ORF on which was

fused 24 copies of the MS2-binding site and either the Map1b,
the a-CaMKII, or the MAP2 3′-UTR. Map1b, a-CaMKII, and
MAP2 3′-UTR contain dendritic targeting elements, and
a-CaMKII is an mRNA translated during L-LTP and is a known tar-
get of Stau1 (Kanai et al. 2004). When these mRNA reporters were
cotransfected into hippocampal neurons with NLS-MS2-
mCherry, distinct puncta were seen in dendrites .50 mm from
the cell body, indicating that the mRNAs are being transported
(Supplemental Fig. S1). Very few puncta were seen in the absence
of a cotransfected MS2bs-containing mRNA (Supplemental Fig.
S1). Primary hippocampal cultures (13 DIV) were cotransfected
with a plasmid coding for EYFP to visualize the neuron and with
siRNA-CTL, siRNA-STAU1 or siRNA-STAU2-1, Luc-24xMS2bs-
Map1b 3′-UTR or Luc-24xMS2bs-CaMKII 3′-UTR, and NLS-MS2-
mCherry. Cells were fixed 48 h post-transfection. The number of
mRNA: MS2-mCherry puncta was determined by Image J software
(with the analyze particles task) and counted in 30–50-mm

Figure 4. Stau2 siRNA does not affect pyramidal cell spine morphology in older mature slice cultures.
(A) Confocal images of representative CA1 pyramidal cells (left) and apical dendrites (right) after trans-
fection with siRNA-CTL and siRNA-STAU2-1 in young (11–14 d) and older (21–24 d) mature slice cul-
tures. (B) Spine density was unchanged by Stau2 siRNA transfection in either age group. (C) Cumulative
plots of the distribution of spine length for each group, with summary bar graph of spine length in the
inset, showing increased spine length after Stau2 siRNA transfection only in young mature slice cultures.
(D) Summary bar graph of the number of regular, elongated, and filopodium types of spines in each
group, showing an increase in elongated spines after Stau2 siRNA transfection only in young mature
slice cultures. Scale bars, 25 mm, 5 mm. ∗P , 0.05, t-test. Error bars represent SEM.
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segments of dendrites at least 50 mm from the cell body to deter-
mine the effect of the knockdown on the transport of the reporter
mRNAs. There was a significant decrease in the number of
Luc-24xMS2bs-Map1b mRNA puncta in cells transfected with
siRNA-STAU2-1 compared to siRNA-CTL (Fig. 7E,F) (0.14+0.01
puncta/mm compared to 0.22+0.02 puncta/mm; ∗P , 0.05; n ¼
41 and 34 dendritic segments, respectively; three to four inde-
pendent experiments; ANOVA), while there was no decrease in
the number of control Luc-24xMS2bs puncta (Fig. 7A,B) or
Luc-24xMS2bs-CaMKII mRNA puncta (Fig. 7C,D) (0.21+0.02
puncta/mm compared to 0.23+0.02 puncta/mm). In contrast,
knockdown of Stau1 specifically decreased the transport of
Luc-24xMS2bs-CaMKII mRNA (0.18+0.01 puncta/mm compared
to 0.23+0.01 puncta/mm in control, #P , 0.05 one-tailed test,
ANOVA) and did not affect the transport of Luc-24xMS2bs-
Map1b mRNA (0.25+0.02 puncta/mm compared to 0.22+0.02
puncta/mm) or control Luc-24xMS2bs puncta (Fig. 7A–F). This
specificity of Stau1 and Stau2 interactions with L-LTP- and
mGluR-LTD-related mRNAs, respectively, is consistent with the
effect of their respective knockdown on synaptic plasticity in
slice cultures. The lack of an effect of Stau2 knockdown on trans-
ported levels of the CAMKII and Map2 3′-UTR reporter mRNAs
suggest that Stau2 knockdown does not prevent transport of
all mRNAs.

Luc-24xMS2bs-Map1b 3′-UTR mRNA is found in both

RNA granules and RNA particles
We next wanted to determine the type of structure (RNA granules
containing ribosomes or RNA transport structures lacking ribo-
somes) in which Luc-24xMS2bs-Map1b mRNA was found.
Primary hippocampal neurons were cotransfected with plasmids
coding for Stau2-GFP, NLS-MS2-mCherry, and Luc-24xMS2bs-
Map1b at 13 DIV. Cells were also immunostained with antibodies
for the ribosomal marker P0 to follow the association of the
mRNA constructs with ribosomes and, thus, distinguish between
RNA granules and RNA transport particles (Sossin and Des-
Groseillers 2006). This experiment revealed that, of the total
Luc-24xMS2bs-Map1b mRNA puncta, 37.4%+4.5% contained
Stau2-GFP (Fig. 8C), while 21.6%+3.9% were P0 immunoposi-
tive (Fig. 9A). Moreover, 12.2%+2.2% of the Luc-24xMS2bs-
Map1b mRNA puncta colocalized with both Stau2-GFP and P0
(Supplemental Fig. S2). Therefore, about one-third of the Stau2-
positive Luc-24xMS2bs-Map1b mRNA puncta have the character-
istics of RNA granules (positive for P0), whereas more than half of
Luc-24xMS2bs-Map1b RNA granules (positive for P0) contained

Figure 5. Spontaneous miniature synaptic activity is not affected by
Stau2 knockdown. Stau2 siRNA transfection does not impair frequency
and amplitude of mEPSCs. (A) Representative traces from pyramidal
neurons transfected with siRNA-CTL (left) or siRNA-STAU2-1 (right) in
older (21–24 d) mature slice cultures. (B,C) Summary plots of cumulative
distribution and summary bar graph of mEPSC amplitude (pA) (B) and
inter-mEPSC intervals (msec) (C) for the corresponding groups (n ¼ 6
cells in each group) showing no changes in amplitude and frequency of
mEPSCs in neurons transfected with siRNA-STAU2-1. Error bars represent
SEM.

Figure 6. Stau2 knockdown decreases endogenous Map1b protein
level and prevents DHPG-induced increases of Map1b in dendrites. (A,
B) Immunocytochemistry for endogenous Map1b protein in neurons
transfected with EYFP and siRNA-CTL or siRNA-STAU2-1. (A) Summary
bar graph of endogenous Map1b protein level in dendrites (50 to
100 mm from the cell body), with and without DHPG treatment
(20 mM). (B) Confocal images of representative neurons transfected
with siRNA-CTL and siRNA-STAU2-1, with or without DHPG treatment
(eYFP, left; Map1b, right). The boxed area in the left panels indicates
region shown at higher magnification in right panels. ∗P , 0.05, ∗∗P ,

0.01, ANOVA. Error bars represent SEM. Scale bar, 20 mm.
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Stau2-GFP. These results suggest that Map1b mRNA can be found
in both RNA granules as well as RNA particles, and that a large per-
centage of the Map1b mRNA-containing granules are associated
with Stau2.

Stau2 and P0 dissociate from Luc-24xMS2bs-Map1b

3′-UTR mRNA upon DHPG stimulation
Local de novo synthesis of Map1b protein is required for
mGluR-LTD. Translational activation may involve dissociation
of an mRNA–protein complex (Krichevsky and Kosik 2001;
Huttelmaier et al. 2005). We thus asked if we could detect changes

in the composition of Luc-24xMS2bs-
Map1b 3′-UTR puncta after application
of the mGluR-LTD induction protocol.
Primary hippocampal neurons were
cotransfected with plasmids coding
for Stau2-GFP, NLS-MS2-mCherry, and
either Luc-24xMS2bs-Map1b or Luc-
24xMS2bs-Map2 3′-UTR at 13 DIV.
Forty-eight hours post-transfection, cells
were treated with 20 mM DHPG or
vehicle, and fixed 10 min later. First,
the number of puncta in dendritic areas
.50 mm from the cell body was analyzed
for each transfection condition. No
differences were found in the total num-
ber of puncta before and after DHPG
treatment (Supplemental Fig. S3), sug-
gesting that DHPG treatment did not
change overall expression and/or trans-
port of these mRNA–protein transport
complexes.

We next determined the percentage
of colocalization of Stau2 and mRNAs for
each condition. Interestingly, colocaliza-
tion of Stau2 with Luc-24xMS2bs-Map1b
mRNA was decreased after DHPG
treatment (from 32.96%+3.84% to
21.92%+3% of total Stau2 puncta
[Fig. 8A,B]; from 37.43%+4.5% to
24.32%+3.66% of total Map1b puncta
[Fig. 8C,D]; ∗P , 0.05; n ¼ 25–31 den-
dritic segments; four independent experi-
ments). In contrast, there was no change
in the colocalization of Stau2 with Luc-
24xMS2bs-Map2 mRNA after DHPG treat-
ment (35.07%+3.31% and 33.91%+

3.59% of total Stau2 puncta; 34.58%+

3.5% and 35.21%+3.4% of total Map2
puncta) (Fig. 8A–D). Thus it appears that
there is a subset of Stau2 granules that
responds to DHPG treatment, and these
contain Map1b mRNA, and vice versa.

Similarly, we observed a decrease in
the colocalization of Luc-24xMS2bs-
Map1b mRNA with P0 after DHPG
treatment (from 21.61%+3.93% to
10.93%+2.91% of total Map1b puncta;
∗P , 0.05; n ¼ 22 and 23 segments; four
different experiments) (Fig. 9A,B).
Interestingly, the decrease in the colocal-
ization of Luc-24xMS2bs-Map1b mRNA
and P0 after DHPG treatment was abol-
ished when Stau2 was knocked down
with siRNA-STAU2-1. In these condi-

tions, the colocalization of Luc-24xMS2bs-Map1b mRNA with
P0 did not change after DHPG (28.83%+4.66% and 29.31%+

6.16% of total Map1b puncta; P . 0.05; n ¼ 19 and 20 segments;
four different experiments) (Fig. 9A,B), suggesting that Map1b
mRNA and P0 dissociation induced by mGluR activation is
dependent on Stau2 and that Map1b mRNA not colocalized
with Stau2 is not regulated by activation of mGluR during LTD.
As control, Luc-24xMS2bs-Map2 mRNA colocalization with P0
was not significantly changed after DHPG treatment (Fig. 9).
Altogether, these experiments indicate that mRNA complexes
containing Staufen, P0, and Luc-24xMS2bs-Map1b mRNA are
dissociated in response to mGluR activation, suggesting a

Figure 7. Stau2 knockdown reduces transport of Luc-24xMS2bs-Map1b 3′-UTR mRNA. (A,C,E)
Summary bar graphs of the number of NLS-MS2-mCherry puncta/mm .50 mm from the cell body
in cells transfected with EYFP and NLS-MS2-mCherry, siRNAs (siRNA-CTL, siRNA-STAU1, or
siRNA-STAU2-1), and mRNA reporters (Luc-24xMS2bs [A], Luc-24xMS2bs-CaMKII 3′-UTR [C], or
Luc-24xMS2bs-Map1b 3′-UTR [E]). siRNA-STAU1 significantly decreases Luc-24xMS2bs-CaMKII
3′UTR mRNA (C), and siRNA-STAU2-1 significantly reduces Luc-24xMS2bs-Map1b 3′-UTR mRNA (E).
(B,D,F) Confocal images of representative neurons transfected with siRNA-CTL (top panels),
siRNA-STAU1 (middle panels), or siRNA-STAU2-1 (bottom panels), EYFP (cell [left panels], dendrite
boxed area [center right panels]), and NLS-MS2-mCherry (right panels). DIC images are in the
center left panels. Arrows point to mCherry puncta marking Luc-24xMS2bs mRNA (B), Luc-
24xMS2bs-CaMKII 3′-UTR mRNA (D), or Luc-24xMS2bs-Map1b 3′-UTR mRNA (F). n ¼ number of
segments from three to four experiments. ∗P , 0.05, ANOVA; #P , 0.05, ANOVA one-tailed test.
Error bars represent SEM. Scale bars, 20 mm and 10 mm.
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Stau2-dependent regulation of Map1b mRNA-containing gran-
ules during mGluR-LTD induction.

Discussion

In neurons, localization of mRNAs at the synapse followed by
their regulated translation is a mechanism for synaptic plasticity

and thus learning and memory (Klann
and Dever 2004). Our study provides evi-
dence for a specific role for Stau2 protein
in a particular form of plasticity,
mGluR1/5-mediated LTD through regu-
lation of mRNAs required for mGluR-
LTD such as Map1b (Supplemental Fig.
S4). Specifically, knockdown of Stau2
blocks this form of LTD, decreases both
endogenous Map1b protein expression
and the level of a reporter with the
MAP1b 3′-UTR that is transported
to dendrites, and prevents mGluR1/
5-induced dissociation of the Map1b
3′-UTR reporter from P0-containing
mRNA granules.

Specificity of RNA-transport

complexes
An important issue in the role of trans-
lation in synaptic plasticity is whether
different forms of plasticity induce
translation of distinct proteins, or
whether the translational regulation is
general for all forms of stimulation and
the type of plasticity is determined by
individual synaptic modification. The
phenomenon of cross-tagging suggests
that both L-LTP and protein-synthesis-
dependent LTD stimuli lead to the pro-
duction of a common set of proteins
that are then selected to be used based
on the modification of the synapse
(Sajikumar and Frey 2004). While the
results cannot be directly compared since
LTD elicited in vivo with low-frequency
stimuli (cross-tagging experiments) is
probably mechanistically different from
the mGluR-LTD elicited in our studies,
our results suggest that specific transport
complexes are involved in distinct forms
of plasticity. The deficit in L-LTP by Stau1
down-regulation and the impairment of
DHPG-induced LTD by Stau2 knock-
down strongly support the existence of
different mechanisms of regulation for
distinct pools of mRNAs and subtype-
specific roles for Stau1 and Stau2 in dis-
tinct translation-dependent forms of
long-term plasticity. Another possibility
could be that the partial Stau2 knock-
down we observed in slice cultures is suf-
ficient to impair mGluR-LTD but not
FSK-induced L-LTP, while a complete
knockdown might affect both. Stau2
knockdown animals will be required to
test this hypothesis.

Comparison of Stau2 and FMRP knockdown

in mGluR-LTD
Another major mRNA-binding protein implicated in mGluR-LTD
is FMRP. Comparison of mGluR-LTD studies following Stau2 and
FMRP depletion suggests that their roles are more complementary
than redundant, since removals of FMRP and Stau2 do not have
similar effects. Knockdown of FMRP does not block mGluR-LTD

Figure 8. Luc-24xMS2bs-Map1b 3′-UTR mRNA dissociates from Stau2 upon application of DHPG. (A,
B) Colocalization of Stau2-GFP with NLS-MS2-mCherry-labeled mRNA puncta in relation to Stau2
puncta in dendrites (.50 mm from the cell body), with and without DHPG treatment. (A) Summary
bar graph of colocalization of Stau2-GFP and NLS-MS2-mCherry-labeled mRNA puncta as percentage
of total Stau2-GFP puncta. (B) Confocal images of representative neurons transfected with Stau2-GFP
(left images) and Luc-24xMS2bs-Map1b 3′-UTR or Luc-24xMS2bs-Map2 3′-UTR (bottom right
images). DIC images are in the top right. The boxed area in the top left image indicates region
shown in bottom images. Filled arrows indicate colocalized puncta, and open arrows indicate
Stau2-GFP puncta alone. (C,D) Colocalization of NLS-MS2-mCherry-labeled mRNA puncta with
Stau2-GFP in relation to mRNA presence. (C) Summary bar graph of colocalization of Stau2-GFP and
NLS-MS2-mCherry-labeled mRNA puncta as percentage of total mRNA puncta. (D) Confocal images
of representative neurons transfected with Stau2-GFP (left images) and Luc-24xMS2bs-Map1b
3′-UTR or Luc-24xMS2bs-Map2 3′-UTR (bottom left images). DIC images are in the top right. The
boxed area in the top left image indicates region shown in bottom images. Filled arrows indicate colo-
calized puncta, and open arrows indicate mRNA puncta alone. Colocalization of Stau2-GFP and
Luc-24xMS2bs-Map1b mRNA is decreased after DHPG treatment. n ¼ number of segments from
four experiments. ∗P , 0.05, t-test. Error bars represent SEM. Scale bars, 20 mm and 10 mm.

Stau2 in mGluR LTD and Map1b mRNA regulation

www.learnmem.org 321 Learning & Memory

 Cold Spring Harbor Laboratory Press on October 8, 2024 - Published by learnmem.cshlp.orgDownloaded from 

http://learnmem.cshlp.org/
http://www.cshlpress.com


but enhances it and makes it protein synthesis-independent (Hou
et al. 2006; Nosyreva and Huber 2006). In contrast, knockdown of
Stau2 blocks mGluR-LTD. Removal of Stau2 reduces dendritic lev-
els of an mGluR-LTD-regulated mRNA, while FMRP does not (Bear
et al. 2004). While FMRP colocalizes with the Map1b puncta in
our study (data not shown), it should be noted that the G quartet
thought to be the specific element that associates Map1b with
FMRP is in the 5′-UTR of Map1b and is not present in our
Map1b 3′-UTR construct. However, this G quartet has not been

shown to be required for FMRP regulation of Map1b translation,
and FMRP associates with mRNAs using a number of possible
motifs.

Dendritic spine defects are not critical for Stau2-dependent

mGluR-LTD
As mediators of mRNA transport and translation, some mRNA-
binding proteins affect spine morphology, and this deficiency
may underlie genetic neurological diseases. Goetze et al. (2006)
have shown that Stau2-deficient neurons present a loss of den-
dritic spines and an increase in filopodia. Our results in young
slice cultures also suggest that Stau2 is implicated in synapse for-
mation and spine morphogenesis, although we did not observe a
decrease in spine density. This might be due to the use of organo-
typic slices as opposed to cultured neurons. However, while Stau2
may be important for early development of spines, by the time the
neurons have matured, and at the time we are examining
translation-dependent mGluR-LTD, the defects are no longer evi-
dent. Moreover, in accordance with the intact spine phenotype
observed in mature slices after Stau2 knockdown, mEPSCs fre-
quency and amplitude were unchanged, suggesting that basal
synaptic function is not affected. Thus the effects of Stau2 knock-
down on plasticity are likely due to changes in protein synthesis
after induction of mGluR-LTD rather than spine defects.

Stau2 regulates Map1b mRNA distribution during

mGluR-LTD
Previous studies showed that Stau1 and Stau2 localize in distinct
granules (Duchaine et al. 2002; Thomas et al. 2005) and carry dis-
tinct mRNAs (Furic et al. 2008). Consistent with this, we found
that siRNA to Stau2, but not to Stau1, specifically lowered the
levels of the Map1b 3′-UTR mRNA reporter in dendrites. In con-
trast, siRNA to Stau1, as previously reported (Kanai et al. 2004),
decreased the levels of a-CaMKII 3′-UTR mRNA reporter. Con-
sistently, a recent genome-wide identification of Stau2-bound
mRNAs in embryonic rat brains identified Map1b mRNA as a tar-
get of Stau2 whereas MAP2 and a-CaMKII mRNAs were absent in
Stau2-containing complexes (Maher-Laporte and DesGroseillers
2010).

Stau2 may regulate a specific mRNA granule
Transport of mRNA in dendrites is well established (Carson et al.
2008; Martin and Ephrussi 2009); however, it is unclear whether
mRNAs are transported as stalled polysomes in RNA granules or
as nascent mRNAs in RNA transport particles (Sossin and
DesGroseillers 2006). These two models differ in the mechanism
of repression during transport, either at elongation for RNA gran-
ules or initiation for RNA transport particles. Indeed, a major con-
troversy in the FMRP field is whether the repression mediated by
FMRP is at the level of initiation or elongation (Zalfa et al.
2006). While our data are not definitive, the DHPG-induced disso-
ciation of Map1b 3′-UTR mRNA reporter from P0 staining is con-
sistent with the model that this mRNAwas part of an RNA granule.
The dissociation would result in a dispersal of the stalled poly-
somes to near the threshold of antibody detection. For mRNAs
in transport particles, we would have expected to see either no
change in the colocalization with ribosomes or an increase with
the formation of polysomes, depending on the sensitivity of the
detection technique. However, at this time, we cannot rule out
the alternative explanation that the dissociation of Map1b
3′-UTR mRNA reporter and P0 is due to the completion of transla-
tion and reformation of repressed RNA particles not containing
ribosomes. The distinction between regulation of RNA granules
and transport particles may be important in terms of the time

Figure 9. Luc-24xMS2bs-Map1b 3′-UTR mRNA dissociation from P0
upon application of DHPG is prevented by Stau2 siRNA knockdown.
(A,B) Colocalization of NLS-MS2-mCherry-labeled mRNA puncta with
P0 in relation to mRNA puncta, with and without DHPG treatment. (A)
Summary bar graph of colocalization of NLS-MS2-mCherry-labeled
mRNA puncta with P0 as percentage of total mRNA puncta (.50 mm
from the cell body), showing that DHPG treatment decreases
Luc-24xMS2bs-Map1b, but not Luc-24xMS2bs-Map2, mRNA, and P0
colocalization, and the effect is blocked after Stau2 siRNA knockdown.
(B) Confocal images of representative neurons transfected with Stau2-
GFP or siRNA-STAU2-1 with EYFP (top left images) and Luc-24xMS2bs-
Map1b 3′-UTR or Luc-24xMS2bs-Map2 3′-UTR (bottom left images) and
immuno-stained for endogenous P0 (bottom right images). DIC images
are in the top right. The boxed area in the top left image indicates
region shown in bottom images. Filled arrows indicate colocalized
puncta, and open arrows indicate mRNA puncta alone. n ¼ number of
segments from four experiments. ∗P , 0.05, t-test. Error bars represent
SEM. Scale bars, 20 mm and 10 mm.
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between granule release and production of full-length protein.
mRNAs in stalled polysomes have already been initiated and pre-
sumably have produced partial fragments of protein. Once
released, the translation process would resume and the rate of syn-
thesis would only depend on elongation factors. In contrast,
mRNAs in transport particles have not gone through an initial
round of translation and so initiation is the rate-limiting step.

Only a small percentage of the MS2-labeled puncta

appear regulated
The use of the MS2 system for following mRNA in cells comes with
a few concerns. Despite using an mRNA construct lacking any
known localization signals (Luc-24xMS2bs), and looking in den-
drites where we would expect minimal contribution from random
diffusion, we still saw a comparable number of MS2 puncta
(Fig. 7). This may be due to undiscovered localization signals in
the luciferase or MS2bs sequences, or to a degree of non-specific
binding to transported RNA–protein complexes seen with overex-
pression. Thus, overexpression of a construct may allow some tar-
geting unseen with endogenous mRNAs. If so, the effect on
transport may be underestimated if some of the signal, even
50 mm from the soma, is non-specific. Despite this, we were able
to detect significant changes in mRNA localization after disrup-
tion of Stau1 or Stau2.

Similarly, to document dissociation of Stau2 from the gran-
ule, we examined neurons overexpressing Stau2, although overex-
pression of RNA-binding proteins may perturb RNA trafficking.
Nevertheless, we did observe dissociation of Stau2 from Map1b
3′-UTR mRNA reporter but not from Map2 3′-UTR mRNA reporter
under the same conditions, thus demonstrating the specificity of
the effect.

Model for Stau 2 function
In the absence of Stau2, we observe both a decrease in the number
of Map1b 3′-UTR mRNA reporter puncta in dendrites as well as a
decrease in the ability of DHPG to dissociate Map1b 3′-UTR
mRNA reporter from P0 staining, suggesting that during
mGluR-LTD induction a Stau2-dependent dissociation of Map1b
mRNA from P0-containing mRNA granules leads to local protein
synthesis resulting in AMPAR internalization and mGluR-LTD
(Supplemental Fig. S4). A number of possible explanations are
consistent with our data (Supplemental Fig. S4). One possibility
is that specific mRNA granules sensitive to DHPG are not formed
in the absence of Stau2. The lack of these granules would explain
both the reduced transport of Map1b 3′-UTR mRNA reporter in
dendrites and the lack of its dissociation. This would also explain
the decrease in basal Map1b protein levels in dendrites. Stau2 has
been proposed to regulate pre-granule formation in the nucleus
and to mediate transport along microtubules (Kiebler et al.
2005; Miki et al. 2005). Thus, interactions of mRNA with Stau2
in the nucleus may recruit additional factors required for the
transport and release in the cytoplasm, and the effects of Stau2
knockdown may be in the recruitment of these factors. Second,
these granules may be present, but Stau2 would be required specif-
ically for loading Map1b 3′-UTR mRNA reporter into these gran-
ules. Finally, Map1b 3′-UTR mRNA reporter may be present in
granules, but Stau2 may be specifically required for their transla-
tional activation (dissociation of Map1b mRNA and ribosomes
from granules). Further characterization of these mRNA–protein
complexes and the role of Stau2 will be required to differentiate
between these possibilities.

In conclusion, our study demonstrates that Stau1 and Stau2
operate different functions in long-term synaptic plasticity. This
specificity is related to their regulation of distinct RNA granules.

Our results suggest that Stau2 is implicated in the transport and
regulation of Map1b mRNA-containing granules. It will be inter-
esting to characterize further the association of Staufen and
mRNA–protein complexes to better understand mechanisms of
long-term synaptic plasticity and memory, as well as their role
in neurological disorders.

Materials and Methods

Organotypic hippocampal slice cultures
Organotypic hippocampal slices were prepared and maintained in
culture as previously described (Stoppini et al. 1991; Lebeau et al.
2008). In brief, Sprague-Dawley rats (postnatal day 7, PN7) were
anesthetized and decapitated. The brain was removed and dis-
sected in Hanks’ Balanced Salt Solution (HBSS; Invitrogen)–based
medium. Cortico-hippocampal slices (400 mm thick) were ob-
tained with a McIlwain tissue chopper (Campden Instruments).
Slices were placed on Millicell culture plate inserts (Millipore)
and incubated for 3 d in OptiMem (Invitrogen)–based medium
at 37˚C in a humidified atmosphere of 5% CO2 and 95% air.
Inserts were then transferred to Neurobasal-based medium
(Invitrogen). Slices were used for experiments after 4–7 d in cul-
ture for young mature slice cultures (PN7 + 4–7 DIV ¼ 11–14 d
old) or 14–17 d for older mature slice cultures (PN7 + 14–17
DIV ¼ 21–24 d old).

HEK293 cells
HEK293 cells were grown in Dulbecco’s modified Eagle’s medium
(DMEM) (Invitrogen Life Science), supplemented with 10%
Cosmic calf serum (Hyclone), 5 mg/mL penicillin/streptomycin,
and 2 mM L-Glutamine (Invitrogen Life Science) and maintained
at 37˚C saturated with 5% CO2.

siRNAs and transfections
pEYFP-C1 (EYFP) was obtained from Clontech Laboratories. All
siRNAs were purchased from Dharmacon. Commercial
siCONTROL was used as non-targeting control siRNA. siRNA tar-
get sequences for rat were:

siRNA-STAU1: 5′-GGACAGCAGUUUAAUGGGAUU-3′ (sense
sequence) and 5′-PUCCCAUUAAACUGCUGUCCUU-3′ (anti-
sense sequence) (Lebeau et al. 2008);

siRNA-STAU2-1: 5′-AGAUAUGAACCAACCUUCAdTdT-3′ (sense
sequence) and 5′-PUGAAGGUUGGUUCAUAUCUdTdT-3′

(antisense sequence) (Goetze et al. 2006);
siRNA-STAU2-2: 5′-CCUACAGAAUGAGCCAAUUUU-3′ (sense

sequence) and 5′-PAAUUGGCUCAUUCUGUAGGUU-3′ (anti-
sense sequence) (Goetze et al. 2006).

HEK293 cells were seeded at 2 × 105 in a 6-well plate and trans-
fected with 60 pmol of siRNA-CTL, siRNA-STAU1, siRNA-STAU2-
1, or siRNA-STAU2-2 using Lipofectamine 2000 (Invitrogen
Life Science). Twenty-four hours post-transfection, cells were
transfected again with 100 pmol of the respective siRNA and
1 mg each of plasmids coding for Stau1-HA or Stau-2-HA and
hnRNPH1-myc, used as control. Cells were processed for
Western blotting 24 h post-transfection. Biolistic transfection of
neurons in organotypic slice cultures was performed as previously
described (Lebeau et al. 2008), using a Helios gene gun (Bio-Rad)
following the manufacturer’s instructions. Electrophysiological
recordings and cell imaging experiments were performed 48 h
after transfection, and the experimenter was blind to transfection
treatments.

Electrophysiology
Individual slice cultures were transferred to a submerged-type
recording chamber and continuously perfused (at 1–2 mL/min)
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with artificial cerebrospinal fluid (ACSF) composed of 124 mM
NaCl, 2.5 mM KCl, 1.25 mM NaH2PO4, 1.3 mM MgSO4, 26 mM
NaHCO3, 10 mM dextrose, and 2.5 mM CaCl2 (5 mM KCl, 2 mM
MgSO4, and 2 mM CaCl2 for LTD experiments), saturated with
95% O2 and 5% CO2 (pH 7.4). Extracellular field excitatory post-
synaptic potentials (fEPSPs) were recorded from CA1 stratum radi-
atum with a glass microelectrode (2–3 MV) filled with 2 M NaCl in
slices maintained at 25˚C–27˚C. Data acquisition (filtered at
2 kHz, digitized at 10 kHz) and analysis were performed using a
PC equipped with pClamp9 software (Molecular Devices). A bipo-
lar tungsten electrode placed in stratum radiatum was used for
electrical stimulation of Schaffer collaterals. The input–output
function was determined at the beginning of each experiment
(example in Fig. 2C) to verify optimal placement of electrodes.
Note that fEPSPs are typically smaller in amplitude in cultured sli-
ces than in acutely prepared slices, because of flattening of the
slice in culture conditions. However, with optimal electrode
placement, fEPSPs were clearly above detection level and the
fEPSP slope was reliably measured (see also Lebeau et al. 2008).
Stimulus intensity (0.1 msec duration) was adjusted to elicit
30%–40% of the maximal fEPSP, as determined by an input–out-
put curve for each slice (LTD, 60% of maximal). To reduce sponta-
neous activity, CA1 and CA3 hippocampal regions were isolated
by a surgical cut. The late form of long-term potentiation
(L-LTP) was induced chemically by the adenylate cyclase activator
forskolin (FSK; 50 mM; Sigma) (Kelleher III et al. 2004; Kopec et al.
2006). Long-term depression (LTD) was induced chemically by
the group I metabotropic glutamate receptor (mGluR) agonist
(S)-3, 5-dihydroxyphenylglycine (DHPG; 100 mM; Ascent). Data
analysis of the fEPSP slope was performed on digitized analog
recordings using the Clampfit analyze function. Slope measure-
ments (10%–90% of maximal fEPSP amplitude) were obtained
with cursors positioned immediately after the stimulation artifact
and past the negative peak of the fEPSPs. Typically, 10%–90%
slope measurements were taken between 3 and 10 msec post-
stimulation and thus based on about 70 data points (10 kHz digi-
tization rate). Miniature excitatory postsynaptic currents
(mEPSCs) were recorded in whole-cell patch-clamp mode from
EYFP-transfected CA1 pyramidal cells using an Axopatch 200B
amplifier (Axon Instruments) in slices maintained at 30˚C–
32˚C. Recording pipettes (4–5 MV) were filled with a solution
containing 130 mM CsMeSO3, 5 mM CsCl, 2 mM MgCl2, 5 mM
diNa-phosphocreatine, 10 mM HEPES, 2 mM ATPTris, and
0.4 mM GTPTris (pH 7.2–7.3, 275–285 mOsm). Bicuculline (Bic;
10 mM) and tetrodotoxin (TTX; 0.5 mM) were added to the extra-
cellular solution, and cells were voltage-clamped at 260 mV.
Data acquisition (filtered at 2 kHz, digitized at 10 kHz) and analy-
sis were performed using a PC equipped with pClamp9 software
(Molecular Devices). Threshold mEPSC amplitude was set at 3
pA, and typically 150–250 events were collected over a 10–
20-min period.

Primary hippocampal neurons
Rat primary hippocampal neurons were dissected from embryonic
day 17 (E17) to embryonic day 19 (E19) Sprague-Dawley embryos
(Charles River Laboratories) and cultured as described (Banker and
Goslin 1988; Elvira et al. 2006). Briefly, neurons were plated at
80,000 cells/mL on 18-mm diameter glass coverslips (Fisher
Scientific) coated with 0.1% poly-D-lysine. Cells were cultured
in Neurobasal medium supplemented with 0.25× GlutaMax,
1% B27 supplement, 1% N2 supplement, and penicillin/strepto-
mycin (GIBCO, Invitrogen). On day 4 and day 11 after plating,
half of the media was exchanged for fresh media.

Primary culture transfections
Transfections of 20 pmol of siRNA and 0.3 mg of plasmid coding
for EYFP were performed with 2 mL of Lipofectamine 2000 reagent
(Invitrogen). For puncta analysis, neurons were transfected on
day 13 after plating using Lipofectamine 2000. Briefly, 3 mL of
Lipofectamine 2000/50 mL of Neurobasal was combined with 2–
3 mg of DNA and/or 20 pmol of siRNA/50 mL of Neurobasal after

5 min. After 20 min, the conditioned media was removed from
the cells and saved and the 100 mL of DNA/Lipofectamine mix-
ture was added. The cells were placed for 10 min at 37˚C. The
transfection media was removed and replaced with conditioned
media. DNA used was purified using double-banded CsCl or an
endotoxin-free Maxi Prep kit (QIAGEN).

Plasmids
pcDNA-CMV-NLS-HA-MS2-mCherry and pcDNA-CMV-Stau1-
Topaz were constructed as previously described (Wickham et al.
1999). pcDNA-SMV-Stau2-GFP was a kind gift from Dr. Michael
A. Kiebler (Medical University of Vienna). Luc-24x-MS2 was
cloned into pcDNA-RSV. The dendritic targeting element of rat
MAP2 3′-UTR was cloned as previously described (Gobert et al.
2008). The full-length mouse CaMKII 3′-UTR (Mayford et al.
1996; Smith and McMahon 2005) was cloned from a previously
characterized reporter plasmid (Aakalu et al. 2001), and the full-
length rat Map1b 3′-UTR (Accession #NM_019217.1) was cloned
from whole rat brain cDNA using the primers 5′-AAAGATATC
AAACCGCAGCCGACCACACC-3′ and 5′-TTTCTCGAGGATGTC
TCAACACACAAGTGAAC-3′ (underlined are the EcoRV and
XhoI restriction sites, respectively, for cloning purpose). These
were inserted into the RSV-Luc-24xMS2bs construct to give
RSV-Luc-24xMS2bs-Map2 3′-UTR, RSV-Luc-24xMS2bs-CaMKII
3′-UTR, and RSV-Luc-24xMS2bs-Map1b 3′-UTR, respectively.

DHPG treatment and immunocytochemistry
Forty-eight hours post-transfection cultured neurons were treated
with 20 mM DHPG (Davidkova and Carroll 2007) (Tocris; Ascent)
or vehicle in culture medium for 10 min at 37˚C. Immediately
after treatment, neurons were rinsed with 1× HBSS (GIBCO), fixed
in 4% paraformaldehyde/PBS containing 4% sucrose, and rinsed
three times with rinsing buffer (0.5 mM MgCl2, 0.1 M glycine,
1× PBS). Fixed cells were permeabilized (0.1% T × 100, 0.02%
NaN3, 1× PBS) and blocked (5% BSA, 5% goat serum, 0.1% T ×
100, 0.02% NaN3, 1× PBS) at room temperature. The coverslips
were placed cell side up on parafilm and incubated in a humid
container overnight at 4˚C with primary antibody in dilution buf-
fer (0.5% BSA, 5% goat serum, 0.1% T × 100, 0.02% NaN3, 1×
PBS). The cells were washed three times with 1× PBS and incu-
bated in a humid container for 1 h at room temperature with sec-
ondary antibody in dilution buffer. The cells were washed three
times with 1× PBS and twice with dH2O prior to mounting on
glass slides with Dako fluorescent mounting media (Dako). The
primary antibodies used were mouse monoclonal anti-Staufen2
antibodies (Duchaine et al. 2002), human anti-P0 antibodies
(ImmunoVision), and anti-Map1b (Santa Cruz). The secondary
antibodies used were AlexaFluor 647 goat anti-mouse (dilution
1:200) and goat anti-human IgG (dilution 1:1000) from
Molecular Probes (Invitrogen).

Western blotting
Protein samples from hippocampal slices or HEK cell extracts were
separated on 10% SDS polyacrylamide gel electrophoresis (PAGE)
and transferred onto Amersham Hybond-P (PVDF) membrane.
Immunoblots were performed in PBS/0.2% Tween 20 with specific
antibodies.

Imaging, morphological, and puncta analysis
For spine analysis, organotypic slice cultures were fixed with 4%
paraformaldehyde overnight at 4˚C, washed in phosphate buffer,
and mounted on slides for confocal microscopy. EYFP-transfected
CA1 pyramidal neurons were randomly selected based on green
fluorescence and characteristic morphology. Z-stacks consisting
of 10–20 sections (512 × 512 pixels, 30–100-mm-long dendritic
segments) spaced 0.2–0.4 mm apart were collected from the sec-
ondary branches of apical dendrites using confocal laser scanning
microscope LSM 510 (Carl Zeiss) equipped with a 63× oil-
immersion objective (NA 1.4) (Carl Zeiss). The length and mor-
phology of dendritic spines were analyzed using the LSM 510
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software. Three to four independent experiments were performed,
and 1505 protrusions were analyzed from 30 neurons. For puncta
analysis on dissociated cultured hippocampal neurons, Z-stacks
consisting of 10–14 sections (512 × 512 pixels, 30–50-mm-long
dendritic segments) spaced 0.4 mm apart were collected from sec-
tions of neurites situated at least 50 mm from the cell body. Image J
software was used for puncta analysis, and the “analyze particles
task” was used to count particles between 0.3 and 1.5 mm in diam-
eter. Colocalization was analyzed and quantified by thresholding
the images, and minimal background changes were made for the
analysis. For the figures, colors were inverted to ease visualization
of the puncta. For colocalization analysis, the coordinates (x, y) of
GFP particles were compared to the coordinates of MS2-mCherry
and/or anti-P0 particles in the same region; if particle coordinates
overlapped, they were considered to be colocalized (Rook et al.
2000). For Map1b immunocytochemistry on dissociated hippo-
campal neurons, sections of neurites situated from 50 to 100 mm
of the cell body were selected for analysis. These regions of interest
(ROI) were background subtracted and were analyzed using Image
J software. For each condition, 16–18 cells were analyzed from
four different experiments.
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