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Abstract

Activity-dependent dendritic translation in CNS neu-
rons is important for the synapse-specific provision of
proteins that may be necessary for strengthening of
synaptic connections. A major rate-limiting factor dur-
ing protein synthesis is the availability of eukaryotic
translation initiation factor 4E (elF4E), an mRNA
5'-cap-binding protein. In this study we show by fluo-
rescence in situhybridization (FISH) that the mRNA for
elF4E is present in the dendrites of cultured rat hippo-
campal neurons. Under basal culture conditions, 58.7
* 11.6% of the elF4E mRNA clusters localize with or
immediately adjacent to PSD-95 clusters. Neuronal ac-
tivation with KCI (60 mM, 10 min) very significantly in-
creases the number of elF4AE mRNA clusters in den-
drites by 50.1 and 74.5% at 2 and 6 h after treatment,
respectively. In addition, the proportion of elF4E
mRNA clusters that localize with PSD-95 increases to
74.4 £+ 7.7% and 77.8 £ 7.6% of the elF4E clusters at
2 and 6 h after KCI treatment, respectively. Our results

demonstrate the presence of elF4E mRNA in dendrites
and an activity-dependent increase of these clusters at
synaptic sites. This provides a potential mechanism by
which protein translation at synapses may be en-
hanced in response to synaptic stimulation.
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Introduction

Neuronal dendrites are complex structures deco-
rated with synapses that are dynamically regulated
both morphologically and in their strength of con-
nectivity. The dynamic changes in synapses may
be partially maintained by local protein synthesis in
dendrites. Specific MRNAs are transported to neu-
ronal dendrites to serve as substrates for transla-
tion of proteins in specific compartments (Sutton
and Schuman, 2006; reviewed in Sossin and Des-
Groseillers, 2006). A requirement for dendritic mMRNA
localization and subsequent local protein translation
has been demonstrated in several forms of beha-
vioral learning paradigms such as associative lear-
ning (Ashraf et al., 2006), spatial learning, and
contextual conditioning (Miller et al., 2002). An
essential role for local translation in synaptic plas-
ticity was demonstrated by protein synthesis-de-
pendent potentiation of synaptic transmission in
response to brain-derived neurotrophic factor (BDNF)
in hippocampal slices in which the CA1 dendrites
were surgically isolated from their cell bodies
(Kang and Schuman, 1996). Similarly, induction of
some forms of LTP in isolated hippocampal dendritic
fields is dependent on protein synthesis (Cracco et
al., 2005; Huang and Kandel, 2005; Vickers et al.,
2005).

Eukaryotic initiation factor 4E (elF4E) plays a
central role in the control of post-transcriptional
gene expression. In eukaryotic cells, the rate of
translation is primarily regulated at the initiation
phase (Mathews et al., 2000; von der Haar et al.,
2004), in which the small ribosomal subunit is
recruited to the 5'-terminal mRNA cap, the methy-
lated guanine moiety m7GpppN (where N is the
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first transcribed nucleotide). elF4E has cap-binding
activity (Browning, 1996; von der Haar et al,
2004), and binding of elF4E and another initiation
factor, elF4G, to the cap via the activity of elF4E is
essential for translation both in vivo and in vitro
(Gross et al., 2003; von der Haar et al., 2004).
Thus elF4E can control initiation of protein trans-
lation.

elF4E is present in dendrites and can redistribute
to synaptic sites. Electron microscopy studies
revealed that elF4E is localized to microvesicle-like
structures underneath the postsynaptic membrane
near the postsynaptic density (PSD) (Asaki et al.,
2003). Immunohistochemical studies in cultured
neurons demonstrated that BDNF, which induces a
form of synaptic potentiation in the hippocampus
that depends on local protein synthesis (Kang and
Schuman, 1996; Ying et al., 2002), facilitates trans-
location of elF4E into dendritic spines (Smart et al.,
2003). Despite a potentially critical role of elF4E in

A

the control of dendritic translation, we have little
information about elF4E mRNA in dendrites. In this
study we carried out fluorescence in situ hybri-
dization (FISH) and show that elF4AE mRNA clus-
ters are present in dendrites. KCI treatment upre-
gulated the expression of the elF4E gene and
increased the density of its RNA clusters in den-
drites. Furthermore, by combining FISH with immu-
nocytochemistry, we show that KCI treatment
increases the proportion of elF4E mRNA granules
clustered near synaptic sites.

Results

The elF4E mRNA is localized in dendrites of rat
hippocampal neurons in culture

We first tested whether elF4E mRNA is localized in
dendrites by in situ hybridization (ISH) of cultured
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Figure 1. In situ hybridization show-
ing dendritic localization of elF4E
mRNA. (A) elF4E. DIV18 dissocia-
ted rat hippocampal neurons were
hybridized with DIG-labeled anti-
sense (AS-elF4E) or sense (S-elF4E)
’ cRNA probes prepared by in vitro
transcription. The boxed area is

shown enlarged in the inset. (B)

L Controls. Hippocampal neurons were
w hybridized with DIG-labeled anti-
sense aCaMKIl (AS-aCaMKIl) or
B-tubulin (AS-tub). The soma and
dendrites are marked by arrows and

e arrowheads, respectively. Scale bars;

75 um.



rat hippocampal neurons. After PFA/MeOH fixation,
cells were hybridized in situ with DIG-labeled sense
(S)- or antisense (AS)-elF4E riboprobes, and ISH
signals were visualized with biotin-conjugated anti-
digoxin antibody and alkaline phosphatase-conju-
gated streptavidin as detailed in Methods. As shown
in the bright field light micrographs (Figure 1), the
AS-riboprobe revealed significant ISH signals for
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elF4E mRNA in dendrites (Figure 1A, arrowhead),
although the strongest signals were associated
with the soma (Figure 1A, arrow). The magnified
image of a portion of dendrite (Figure 1A, inset)
showed that the elF4E ISH signals form clusters in
the dendrites. In contrast, the sense probe did not
reveal any significant signal above background
(Figure 1A, S-elF4E). We performed control ISH
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Figure 2. Confocal micrographs of combined FISH and im-
munocytochemistry (IC) images showing the relative posi-
tion of elF4E mRNA clusters in dendrites of rat hippo-
campal neurons. (A) Colocalization of FISH signals with
staufen immunopuncta. (a) Combined FISH and IC. Rat
hippocampal cultures (DIV18) were hybridized with DIG-la-
beled anti-sense elF4E (AS-elF4E) cRNA probes (FISH)
followed by immunocytochemistry with antibodies against

staufen (o-Stau) and PSD-95 (a-PSD95). The soma is
marked by an arrow and shown enlarged in the inset of the
FISH image. Images corresponding to the boxed area are
shown enlarged at the bottom in single or merge colors.
The elFAE mRNA clusters colocalizing with staufen im-
munopuncta are marked by yellow arrowheads, while sin-
gle elF4E mRNA and staufen clusters are marked by green
and red arrowheads, respectively. (b) Statistics. Clusters
per 30 um were counted and presented in percents of total
clusters. Statistical significance was assessed by Mann-
Whitney U-test. (c) Control FISH. Hippocampal neurons
were hybridized with DIG-labeled sense-elF4E cRNA
probes (S-elF4E). Scale bars; 75 um. (B) Relative position
of elF4E mRNA clusters in dendrites. (a-c) Combined FISH
and IC. Rat hippocampal cultures (DIV18) were hybridized
with DIG-labeled anti-sense elF4E (AS-elF4E) cRNA
probes (FISH) followed by immunocytochemistry with anti-
bodies against PSD-95 (a-PSD95) and synaptophysin
(0-SNP) (panel a). The soma and dendrites are marked by
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arrows and arrowheads, respectively. The boxed area is
shown enlarged in single (panel b) and merged colors
(panel c). Marks are same as in A. (d) Statistics. Clusters
per 30 um were counted and presented in percents of total.
Scale bars; 75 pum.
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for mMRNA of the a-subunit of the type Il Ca*/
calmodulin-dependent protein kinase (aCaMKII),
which is localized in both neuronal somas and
dendrites (Burgin et al., 1990; Paradies and Steward,
1997; Tian et al.,, 1999), and for B-tubulin mRNA,
which is restricted to the soma (Kleiman et al.,
1994; Paradies and Steward, 1997; Tian et al.,
1999). As expected, AS-aCaMKII riboprobes re-

vealed CaMKIl mRNA in dendrites as well as in the
soma (Figure 1B, AS-aCaMKIl arrowhead and
arrow, respectively), while the AS-B-tubulin ISH
signal was restricted to the soma (Figure 1B,
AS-tub, arrow) and the signal in dendrites was very
weak (arrowhead). These results indicate that the
elF4E mRNA is localized to dendrites.

Ve
l

=N W
[eleololololslele]

P<0.001 €

4 B
LA & 251pcgo01d 27
Y CC 25
- =)
o w 515 S 4
L g ©
525 -
'y o 0 ° T
~.. Y Z N R )
e — Q\SO q}\ (‘}OQ
® KA
& &

Figure 3. Upregulation and redistribution of elF4AE mRNA
clusters in dendrites of rat hippocampal neurons by KCI
treatment. (A) 2 h post-KCl exposure. a-c, Combined FISH
and IC. Rat hippocampal cultures (DIV18) were treated
with KCI (60 mM, 10 min). After 2 h, cells were hybridized
with DIG-labeled anti-sense elFAE (AS-elFAE) cRNA
probes (FISH) followed by immunocytochemistry with anti-
bodies against PSD-95 (a-PSD95) and synaptophysin
(o-SNP) (panel a). The soma is marked by an arrow and
shown enlarged in the inset of the FISH image. Images cor-
responding to the boxed dendritic area is shown enlarged
at the bottom in single (panel b) or merged colors (panel c).
The elF4E mRNA clusters colocalizing with PSD-95 im-
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Some elF4E mRNA clusters are positioned at or near
postsynaptic sites in dendrites of unstimulated
hippocampal neurons

Neuronal dendrites have a complex morphology.
Therefore, the relative position of elF4E may be
strategically important for tight regulation of local
translation. We recently designed a sequential
PFA/MeOH fixation procedure for combined FISH
and immunocytochemistry that allows high resolu-
tion analysis of the location of both mRNAs and
proteins (Moon et al., 2007). With the use of this
new protocol, we carried out FISH combined with
immunocytochemistry to find the relative position of
elF4AE mRNA in dendrites. We first verified that the
FISH signals are at RNA granules by showing
colocalization of staufen protein, a marker protein
for RNA granules, with elF4E mRNA. PFA/MeOH-
fixed hippocampal neurons were subjected to FISH
with DIG-labeled elF4E riboprobes, followed by
immunocytochemistry with antibodies against stau-
fen and PSD-95 (Figure 2). Consistent with our
earlier results, the FISH signals for elF4E mRNA
were present in clusters along dendrites (Figure
2A, a, AS-elF4E), while there was no significant
signal for sense riboprobes (Figure 2A, ¢, S-elF4E).
The immunocytochemistry signals of staufen were
also present as clusters along dendritic shafts
(Figure 2A, a, a-Stau), a distribution profile similar
to previous reports (Kiebler et al., 1999; Kohrmann
et al.,, 1999; Macchi et al., 2003; Mallardo et al.,
2003; Kim et al., 2005). The merged images of
staufen immunocytochemistry and elF4E FISH
exhibited many overlapping clusters (Figure 2A, a,
bottom panels, yellow arrowheads), although
clusters labeled for only staufen or elF4E are also
present (red and green arrowheads, respectively, in
Figure 2A, a, lower panels). Some of the clusters
labeled for both staufen and elF4AE mRNA were in
close proximity to or overlap with those of PSD-95
(Figure 2A, a, bottom panels). Statistical analyses
showed that majority of the clusters (69.1 £9.2%
of the combined total number of elF4E FISH and
staufen immunocytochemistry clusters; n=213)
overlapped with each other (Figure 2A, b). This
proportion was very significantly (P < 0.001) higher
than the clusters labeled for only staufen or elF4E
mRNA (25.3 £10.0 and 15.7 £ 6.0%, respectively),
strongly indicating that the FISH clusters represent
elFAE mRNA in granules. The elF4E mRNA and
staufen clusters were rather centrally located
(Figure 2A, a, bottom; green and red, respectively),
while those of PSD-95 were positioned towards the
periphery of dendrites (Figure 2A, a, bottom; blue),
further supporting the identity of elF4E FISH clus-
ters as RNA granules.

To understand the localization of elF4E mRNA
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granules relative to spines or synapses, we carried
out elF4E mRNA FISH combined with immunocy-
tochemistry using antibodies against PSD-95 and
synaptophysin, postsynaptic and presynaptic mar-
kers, respectively (Figure 2B, a). A boxed region is
shown enlarged in single-labeled or various com-
binations of merged images (Figure 2B, b and c,
respectively). Robust PSD-95 and synaptophysin
immunopuncta were distributed along the plasma
membranes of soma and dendrites (Figure 2B, a,
asterisks and arrows, respectively). This distribu-
tion profile is consistent with the clustering of
PSD-95 in postsynaptic spine heads (Cho et al.,
1992) and synaptophysin in presynaptic axon
terminals. In addition, the alignment of the presy-
naptic and postsynaptic sites is such that the two
clusters juxtapose or partially overlap. Statistical
analysis indicates that clusters of PSD-95 and
elF4E mRNA that overlap with or are immediately
adjacent to each other are a significant portion
(38.1 =9.1%; n=187) of the combined total
number of clusters of PSD-95 and elF4E (Figure
2B, d). This proportion was very significantly (P =
0.007) higher than the clusters labeled for only
elFAE mRNA (26.6 =8.1%). When only elF4E
mRNA clusters (n=121) are considered, more than
half (58.7 = 11.6%) overlap with or are imme-
diately adjacent to PSD-95 clusters. This result
indicates that a significant portion of elF4AE mRNA
clusters are near spines in basal unstimulated
culture conditions.

KCl increases the density of elIF4E mRNA clusters
and their localization with synaptic markers

To investigate whether the localization of elF4E
mRNA clusters in dendrites is regulated by neuronal
activity, we added 60 mM KClI to the culture medium
for 10 min to depolarize the neurons. Neurons
were fixed 2 or 6 h later and processed for FISH
combined with immunocytochemistry. When exa-
mined 2 h after KCI treatment, the numbers of
elF4E mRNA clusters were noticeably increased in
both the soma and dendrites (Figure 3A, a,
AS-elF4E). As shown in the inset, in which the
soma (marked by an arrow) is shown enlarged, a
highly elevated elF4E FISH signal at the nucleus
(asterisk) and abundant RNA clusters in the peri-
karyon were evident. Statistical analyses revealed
that the density of elF4E mRNA clusters in den-
drites increased by 65% (from 10.1 =3.3t0 16.6 =
2.7 clusters per 30 um). An example of dendritic
elF4E mRNA clusters is shown in single-labeled or
in various combinations of merged images of
synaptophysin or PSD-95 immunopuncta (Figure
3A, b and c, respectively). Statistical analyses indi-
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cated that a large fraction (54.2 = 4.2%) of the
combined number of elF4E and PSD-95 clusters (n
= 226) overlapped with or were immediately adja-
cent to each other (Figure 3B, d). This is a sta-
tistically very significant (P < 0.001) increase from
unstimulated control. When only elF4AE mRNA clu-
sters are considered, an even larger fraction (74.4
+ 7.7%) of elF4E clusters (n=166) overlapped
with or were immediately adjacent to PSD-95 clu-
sters. These results indicate that neuronal activa-
tion by KCI treatment increases both the density of
elF4E mRNA clusters and their colocalization with
PSD-95 in dendrites.

A typical image of elF4E FISH after 6 hr of KClI
treatment is shown in Figure 3B along with immu-
nocytochemistry images of synaptophysin (a-SNP)
and PSD-95 (a-PSD95). FISH signals against
elFAE in the soma and dendrites are still increased
6 h after stimulation compared to unstimulated
neurons (Figure 3B, a, AS-elF4E). Statistical analy-
ses showed that, compared to the untreated
control, the density for elF4E mRNA clusters (n=
192) in dendrites increased by 90% (from 10.1 £
3.3 to 19.2 £ 3.4 clusters per 30 um). Although
this was still an increase by 16% from 2 h after KCI
treatment, it was not statistically significant (P =
0.068). There was a slight increase in the fraction
of elF4E mRNA clusters that overlap with or are
immediately adjacent to PSD-95 immunopuncta
from 2 h post-KCI (from 74.4 = 7.7% at2h to 77.8
+ 7.6% at 6 h). This difference was not statistically
significant (P = 0.255). These results indicate that
neurons in culture maintain elevated transcription
and dendritic trafficking of elF4E mRNA at least for
6 hrs after KCI treatment.

Discussion

Dendritic trafficking and strategic positioning of
mRNAs at or near synapses are critical for local
activity-dependent synapse-specific protein synthe-
sis. In addition, strategic positioning of translation
factors and their mRNAs at or near synaptic sites
may be important for tight regulation of local
dendritic translation. In this report we provided
evidence for the presence of elIF4AE mRNA granu-
les in the dendrites of cultured rat hippocampal
neurons. In addition, the density of these granules
in dendrites is increased and becomes more
closely associated with synaptic markers after
neuronal activation by KCI.

Our ISH data indicate that elF4E mRNAs are
localized to dendrites. When viewed at high reso-
lution by FISH, they are distributed in clusters
similar to those for other known dendritic mRNAs

such as aCaMKII (Mallardo et al., 2003; Kanai et
al., 2004), B-actin (Tiruchinapalli et al., 2003), or
AMPA-type glutamate receptor subunits 1 and 2
(GluR1 and GIuR2) (Grooms et al., 2006). Com-
bined elF4E FISH with staufen immunocytoche-
mistry images showed that elFAE mRNA clusters
are centrally located in dendritic cytoplasm. It is
known that RNA granules are transported to the
dendritic regions by kinesin, a microtubule-depen-
dent molecular motor (Knowles et al., 1996;
Brendza et al., 2000; Krichevsky and Kosik, 2001;
Kanai et al., 2004; Anderson and Kedersha, 2006;
Hirokawa, 2006). Therefore, the spatial distribution
of elF4E mRNA clusters in dendritic shafts further
augments their identity as RNA granules. However,
elF4E mRNA is not included in the lists of dendritic
mRNAs from recent reports in which gene chip
analyses were carried out using either PSD
fraction-associated mRNAs (Suzuki et al., 2007) or
mRNAs isolated from the dendrites in the stratum
radiatum of the CA1 region of rat hippocampus
(Zhong et al., 2006). elF4E mRNA may not have
been detected in those studies due to low
abundance of elF4E mRNA in dendrites under
basal conditions. The elF4E protein, however, is
present in dendrites (Smart et al., 2003), especially
at postsynaptic sites in association with microve-
sicle-like structures underneath the postsynaptic
membrane in the spine, some of which were
localized in close proximity to PSD (Asaki et al.,
2003). Although the dendritically localized elF4E
protein could have been transported from soma
(Smart et al., 2003), our data suggest that it is also
translated locally in dendrites.

Our results indicate that elF4E mRNA clusters
are upregulated by KCI-induced depolarization.
When neurons were treated with KCI (60 mM, 10
min), highly elevated elF4E FISH signal at the
nucleus were evident, indicating that the trans-
cription of elF4E mRNA is upregulated. Dendritic
elF4E mRNA clusters were also noticeably increa-
sed, which indicates that the upregulated elF4E
mMRNA is transported into dendrites. Upregulation
of dendritic mRNA by neural activity and various
signaling molecules was not unprecedented. When
RNA clusters were visualized in cultured rat cor-
tical neurons with the use of the dye SYTO 14,
which labels poly-ribosome complexes, Knowles
and Kosik (1997) observed enhanced labeling in
dendrites after neurotrophin-3 treatment, indicating
increased traffickihng of RNAs in general into
dendrites. An increase of specific RNA species in
dendrites in response to stimulation has also been
reported. Increased numbers of mRNA clusters
were observed for B-actin (Tiruchinapalli et al.,
2003), eukaryotic elongation factor 1A (eEF1A)



(Moon et al., 2008), fragile X mental retardation 1
(Fmr1) (Antar et al., 2004), and TrkB (Tongiorgi et
al., 1997; Righi et al., 2000) in dendrites of cultured
hippocampal neurons when they were depolarized
by KCI. Transport of elF4AE mRNA into the dendritic
domain as we show in the current study may be
required for the enhanced translation of any
mRNAs that move into dendrites.

Our results further indicate that neuronal activa-
tion results in spatial redistribution of elF4E mRNA
clusters toward increased association with synaptic
sites. Neuronal dendrites are decorated with spines
and filopodia that can be rapidly modified struc-
turally and functionally. Therefore, the relative posi-
tion of elF4E in dendrites may be important for
tight regulation of local translation. Our data
revealed that the elF4AE mRNA clusters are not
randomly distributed but strategically positioned at
or near synaptic sites in dendrites. Even in basal
unstimulated culture conditions, more than half
(58.7 £ 11.6%) of the total elF4E mRNA clusters
overlap with or are immediately adjacent to
PSD-95 clusters. Interestingly, the density of elF4E
mRNA clusters and their degree of synaptic locali-
zation are very significantly increased by KCI
treatment for at least 6 h after KCI treatment. The
increased fraction of PSD-95-associated elF4E
mRNA clusters after KCl-induced depolarization is
similar to the spatial redistribution observed for
zipcode binding protein 1 (ZBP1) and p-actin mRNA
(Tiruchinapalli et al., 2003) and Fmr1 (Antar et al.,
2004), eEF1A (Moon et al., 2008) mRNA clusters.
Using fluorescence microscopy and digital imaging
of EGFP-ZBP1 granules in live cultured hippo-
campal neurons, Tiruchinapalli et al. (2003) visua-
lized dynamic movements of ZBP1 in response to
KCl-induced depolarization at high spatial and
temporal resolution. They observed that, in addition
to rapid, directed movement, EGFP-ZBP granules
can stably localize at the base of extending
filopodia and at the neck and head of spines. In
addition, new granules can sometimes appear at
the base of dendritic spines. Since B-actin mRNA
FISH and ZBP1 immunocytochemistry signals
often colocalize (Tiruchinapalli et al., 2003), their
results indicate that neuronal activation can
re-localize B-actin  mRNA/ZBP1 granules to
filopodia and spines. Therefore, accumulating data
suggest that at least some kinds of dendritic
mRNAs are redistributed toward postsynaptic sites.

Why elF4E is upregulated and spatially recruited
into postsynaptic sites? Increases in the postsy-
naptic elF4E (Smart et al.,, 2003) and its mRNA
(present study) suggest that elevated translation
takes place at or near spines with increased neural
activity. Previous reports suggest enhanced synaptic
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translation at active synapses. Through microarray
analyses, Matsumoto et al. (2007) found that
neural activity caused by an electroconvulsive
shock triggered a redistribution of the dendritic
transcriptome towards the area assumed to be the
necks of spines, and speculated that the redistri-
bution may accompany some changes in the ability
to translate the transcriptome in response to
synaptic input (Matsumoto et al., 2007). Kanhema
et al. (2006) reported that BDNF-induced LTP led
to rapid, transient phosphorylation of both elF4E
and elongation factor-2 in dentate gyrus homoge-
nates, and that phospho-elF4E and total elF4E
were enhanced in dentate granule cells. Although
somatic elF4E can be transported into dendrites
and spines (Smart et al., 2003), the localization of
the elF4E mRNA in dendrites and its movement into
postsynaptic sites as shown in the present study
strongly suggests tight regulation of on-site protein
synthesis upon neuronal activity. Strengthening this
tight on-site translational regulation, Li et al. (2004)
observed that electrically stimulated regions of the
dendrite of an individual neuron in a hippocampal
slice first caused accumulation of mitochondria in
the dendrite followed by a movement of mito-
chondria into the spines, indicating a movement of
an energy source into the active sites. Taken toge-
ther, these phenomena imply that both dendritic
mRNA and the machinery necessary for local trans-
lation are dynamically upregulated and recruited to
postsynaptic sites upon neuronal activation.

Methods

Animals

All studies were conducted with a protocol approved by the
University of Connecticut Animal Care and Use Committee
in compliance with NIH guidelines for the care and use of
experimental animals.

Primary culture and fixation of rat hippocampal
neurons

Dissociated hippocampal cells from Sprague-Dawley rat
pups on embryonic day 18 (E18) or E19 were plated onto
12-mm diameter polylysine/laminin-coated glass cover-
slips at a density of ~150 neurons/mm?’ as described
(Brewer et al., 1993) and grown in astrocyte-conditioned
neurobasal media as described (Goslin, 1998; Moon et al.,
2007). Cells were fixed by a sequential PFA/MeOH fixation
procedure [incubation in 4% paraformaldehyde in PBS (20
mM sodium phosphate buffer, pH 7.4, 0.9% NaCl) at room
temperature (RT) for 10 min followed by incubation in
methanol at -20°C for 20 min] (Moon et al., 2007).

In vitro transcription
A 672 bp DNA fragment encoding the mouse elF4E gene
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(from -21 in 5-UTR to termination) was amplified from a
cDNA library (Marathon-Ready™ cDNA, Clontech, Moun-
tain View, CA) by PCR with the primers: 5'-ccAGATCTgtgc-
gatcagatcgatc-3'/5'-gcGGTACCaacaacaaacctatttttagt-3'.
Capital letters indicate sequences of restriction sites (Bglll
and Kpnl, respectively) added for cloning purposes. The
mouse and rat elF4E genes have 97.5% homology with
one gap at the nucleic acid level. The PCR product was
cloned into the Bglll and Kpnl sites of a pCRII-TOPO
transcription vector (Invitrogen). The digoxigenin (DIG)-
labeled antisense and sense riboprobes were prepared by
in vitro transcription with SP6 or T7 RNA polymerase using
DIG-RNA Labeling mix according to manufacturer’s in-
struction (Roche Applied Science, Indianapolis, IN).

In situ hybridization (ISH)

The PFA/MeOH fixed cells were incubated overnight with
DIG-labeled riboprobes (200 ng/ml) at 53°C in 400 pl of the
NorthernMax Prehybridization/Hybridization buffer (Ambion,
Austin, TX) and washed finally in 0.1 x SSC at 53°C for 15
min. The riboprobes were visualized by color development
using monoclonal biotin-conjugated anti-digoxin antibodies
(Clone DI-22, Sigma, St. Louis, MO), 1-Step NBT/BCIP
substrate (Pierce, Rockford, IL), and alkaline phospha-
tase-conjugated streptavidin (diluted 1:1,000; Jackson Immu-
noResearch Laboratories, West Grove, PA) as described
(Moon et al., 2007).

Combined fluorescence in situ hybridization (FISH)
and immunocytochemistry

Combined FISH and immunocytochemistry were perfor-
med with primary [biotin-conjugated mouse monoclonal
anti-digoxin (1:500; Sigma), rabbit anti-synaptophysin (SNP)
(1:500; Chemicon, Temecula, CA), chicken anti-PSD-95
(1:1,000; antiserum UCT-C1, Murphy et al., 2006), or rabbit
anti-staufen (1:100; Chemicon)] and secondary antibodies
[Alexa Fluor 488-conjugated Streptavidin, Alexa Fluor
568-conjugated goat anti-rabbit and Alexa Fluor 647-
conjugated goat anti-chicken IgG (each diluted 1:1,000 in
blocking buffer; Invitrogen)] as described (Moon et al.,
2007).

Light and laser-scanning confocal microscopy

A Leica Research Microscope DM IRE2 (Leica Microsys-
tems AG, Wetzlar, Germany) was used for light microscopy
of color-developed ISH samples. Images were acquired
with a high-resolution CoolSNAP™ CCD camera (Photo-
metrics Inc., Germany) under the control of a computer
equipped with Leica FW4000 software. Exposure times
were set so that pixel brightness was not saturated and
were held constant during acquisition of all images (1388
X 1039 pixels) for each pair of sense- and antisense-pro-
bed cells. Confocal images of combined FISH and
immunocytochemistry (1024 x 1024 pixels) were acquired
using 100 x oil-immersion lens on the Leica TCS SP2
confocal system with laser lines at 488, 543, and 633 nm
and processed with the use of Adobe Systems Photoshop
5.0 software.

Analysis

The number of puncta from FISH or immunocytochemistry
per 30 um dendrites (n=10~15) of typical pyramidal
neurons (n=2~4) from two independent experiments
were counted, and expressed in % of total (mean = SD).
Statistical significance was assessed by Mann-Whitney
U-test. The P values less than 0.05 and 0.01 were consi-
dered to be significant and very significant, respectively.
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