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In Drosophila, Pumilio (Pum) is important for neuronal homeostasis
as well as learning and memory. We have recently characterized a
mammalian homolog of Pum, Pum2, which is found in discrete RNA-
containing particles in the somatodendritic compartment of polar-
ized neurons. In this study, we investigated the role of Pum2 in
developing and mature neurons by RNA interference. In immature
neurons, loss of Pum2 led to enhanced dendritic outgrowth and
arborization. In mature neurons, Pum2 down-regulation resulted
in a significant reduction in dendritic spines and an increase in elon-
gated dendritic filopodia. Furthermore, we observed an increase in
excitatory synapse markers along dendritic shafts. Electrophysio-
logical analysis of synaptic function of neurons lacking Pum2 re-
vealed an increased miniature excitatory postsynaptic current
frequency. We then identified two specific mRNAs coding for a
known translational regulator, elF4E, and for a voltage-gated
sodium channel, Scn1a, which interacts with Pum2 in immunopreci-
pitations from brain lysates. Finally, we show that Pum2 regulates
translation of the elF4E mRNA. Taken together, our data reveal a
previously undescribed role for Pum2 in dendrite morphogenesis,
synapse function, and translational control.
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n Drosophila, Pumilio (Pum), a member of the Pum and FBF

(PuF) family of proteins, plays an important role in the nervous
system. First, Pum controls dendrite morphogenesis in Droso-
phila peripheral neurons (1). Second, Pum regulates synaptic
growth and function by controlling the expression of elF4E
mRNA at the Drosophila neuromuscular junction (2, 3). Third,
Pum inhibits neuronal excitability by repressing the translation of
a voltage-gated sodium channel (4, 5). Finally, loss of pumilio
impairs long-term memory (6). A homolog of Pum, mammalian
Pum?2, is expressed in hippocampal neurons and is found in
ribonucleoparticles (RNPs) in the somatodendritic compartment
(7). Tts punctate microtubule-associated expression pattern in
dendrites mimics that of RNA-binding proteins (RBPs) known
to be involved in RNA transport and translational control (8, 9).
Recently, Pum2 has also been linked to micro-RNA-regulated
activity-dependent dendritogenesis in mammalian neurons (10).
In this study, we set out to study the role of Pum?2 in the activity-
independent morphogenesis of dendrites, dendritic spines, and
excitatory synapses of rat hippocampal neurons.

Results and Discussion

We first investigated whether Pum2 expression in the brain is
developmentally regulated. Western blot analysis of protein extracts
from whole brain at different points of development using a mon-
ospecific, affinity-purified, anti-Pum2 antibody revealed that Pum?2
is expressed at all stages of neuronal differentiation (11) (Fig. 14).
Expression increases significantly at postnatal day 1 when dendritic
outgrowth begins in the hippocampus, suggesting a potential role
for Pum2 in dendrite morphogenesis. We tested this hypothesis
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using shRNA to down-regulate and a Pum2-EYFP fusion protein to
overexpress Pum?2, respectively. The efficiency of shRNA-mediated
Pum? (shPum?2) down-regulation in dissociated hippocampal neu-
rons has been previously demonstrated (7, 12). Hippocampal neu-
rons were transiently transfected at 7 days in vitro (DIV), fixed
3 days later, and subjected to Sholl analysis (13). Neurons lacking
Pum? show a significant increase in dendritic complexity (Fig. 1 B,
Top Middle, and C, red circles). Conversely, neurons overexpressing
Pum2-EYFP demonstrate a simplified dendritic arbor (Fig. 1 B,
Bottom Middle, and C, green circles) compared with neurons lacking
Pum?2 and control neurons (mismatch control shRNA; Fig. 1 B, Top,
and C, black circles). In neurons lacking Pum?2, we observed a sig-
nificant increase in the number of dendritic line crossings between
20 and 36 pm (P < 0.001). In contrast, neurons overexpressing
Pum2-EYFP displayed a significant reduction in dendritic line
crossings between 20 and 60 pm (P < 0.001 between 20 and 36 pm,
P <0.01 between 44 and 60 pm) as compared with control siIRNA-
transfected neurons.

To determine whether the shPum?2 effects are specific, a shRNA
cleavage-resistant Pum2 mRNA (Pum2®; Fig. S1) was cotrans-
fected together with the shPum?2 vector. This yielded comparable
results to Pum2-EYFP overexpression in that the dendritic arbor
was simplified (Fig. 1 B, Bottom, and C, blue circles). shPum2- and
Pum?2®-coexpressing cells displayed a significant reduction in
dendritic line crossings between 20 and 60 pm (P < 0.001 between
20 and 36 pm, P < 0.01 between 44 and 60 pm) as compared with
control. This indicates that the effects of the shRNA targeting
Pum? are specific, because the resistant form of Pum?2 was able to
reverse the observed phenotype. The fact that we see over-
compensation suggests that the Pum2® construct is expressed at
higher levels than the shPum2, causing a similar phenotype, as
observed on Pum2-EYFP overexpression.

We next asked if these changes in dendritic complexity were the
result of changes in primary dendritic outgrowth from the soma
and/or changes in dendritic branching. We quantified primary
dendrites (Fig. 1D, Left) and primary branch points (Fig. 1D, Right).
Control neurons had an average of 5.9 (+0.38 SE) primary dendrites
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Fig. 1. Pum2 is a negative regulator of dendrite development.
(A) Whole-brain extracts were probed for Pum2 and tubulin at
selected time points of neuronal morphogenesis. Pum2 protein
levels were expressed as a ratio of tubulin and subsequently nor-
malized tothe ratio atembryonicday 17 (E17). P, postnatal day. (B)
Representative photographs of neurons transfected with control
PSUPERIOR shRNA (Top), shPum2 (Top Middle), or Pum2-EYFP
(Bottom Middle) and cotransfected with shPum2 and an RNAi
Pum2® (Bottom). E17 rat hippocampal neurons were transfected
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at 7 DIV, followed by fixation and staining for MAP2 and analysis
at 10 DIV. (Scale bars: 10 pum.) (C) Sholl quantification of dendritic
arbor complexity. Neurons lacking Pum (shPumz2, red circles) show
significantly more line crossings between 20 and 36 ym than
control (control shRNA, black circles; P < 0.001). Conversely, neu-
rons overexpressing Pum2-EYFP (green circles) demonstrate sig-
nificantly fewer (P < 0.001 between 20 and 36 pm and P < 0.01
between 44 and 60 um) line crossings between 20 and 60 um than
control neurons. Neurons cotransfected with shPum2 and Pum2®
also demonstrated significantly fewer line crossings (P < 0.001
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**P < 0.01; ***P < 0.001. (E) Protrusions from neurons lacking
Pum2 express dendritic markers. Control neurons and neurons
transfected with shPum2 were stained for the dendritic post-
synaptic protein homer. Dendrites from both groups expressed
this marker (white arrows), indicating that these structures are
functionally comparable to control dendrites. All boxes are 50 um
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emerging from the soma, whereas neurons lacking Pum?2 had sig-
nificantly more (7.9 + 0.55 SE; P < 0.01). In contrast, Pum2-EYFP
overexpressing had significantly fewer (4.1 + 0.44 SE; P < 0.001).
Neurons coexpressing shPum2 and Pum2® had no significant
change in primary dendritic outgrowth (5.8 + 0.35 SE) as compared
with control. When primary branch points were quantified (Fig. 1D,
Right), neurons lacking Pum2 had significantly more (6.5 + 0.40 SE;
P < 0.01) than control neurons (4.9 + 0.34 SE). Pum2-EYFP
overexpressing neurons had significantly fewer branch points (2.6 +
0.43 SE; P < 0.001), whereas neurons coexpressing shPum2 and
Pum2® did not show significant changes compared with control (4.3
+0.27 SE). If primary dendrites branch at the same frequency in all
conditions, one would expect that branching would change in rela-
tion to primary dendrite outgrowth. Control neurons had a ratio of
0.67 (+0.03 SE) primary branch points compared with primary
dendrites. Although this is the trend in our data, neurons lacking
Pum? or overexpressing Pum2-EYFP have a slightly lower ratio of
primary branch points to primary dendrites as compared with con-
trol (0.61 +0.03 SE vs. 0.57 +0.07 SE), respectively. Taken together,
this suggests that Pum?2 negatively regulates dendritic outgrowth.
Loss of Pum2 leads to enhanced dendritic arborization, and over-
expression of Pum?2 causes the reverse effect. We were interested in
determining if these additional dendrites forming on neurons
lacking Pum?2 were functionally comparable to normal or control
dendrites. They were MAP2-positive (Fig. 1B). We also stained
shPum2-treated neurons with an antibody directed against the
postsynaptic protein homer (Fig. 1E). The majority of dendrites on
control and shPum?2-treated neurons expressed homer puncta along
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the shaft (Fig. 1E, white arrows), indicating that they are function-
ally comparable to control dendrites. These findings on dendrite
morphogenesis are reminiscent of Drosophila, wherein Pum is
essential for proper development of the dendritic arbor of periph-
eral neurons (1). Furthermore, miR-134 has been recently dis-
covered to promote dendritic outgrowth by inhibiting translation of
Pum2 mRNA (10).

Because other dendritically localized RBPs have been dem-
onstrated to influence dendritic spine morphogenesis (8, 14), we
asked whether loss of Pum2 would have similar properties.
Mature 15 DIV neurons were transfected with control ShRNA,
shPum?2, or Pum2-EYFP or were cotransfected with shPum2 and
Pum?2R® and fixed 3 days later (Fig. 24). On visualization of GFP-
filled dendrites, a convenient marker for transfection, control
dendrites formed stereotypical mushroom-shaped protrusions,
typically less than 2 pm in length (15), whereas neurons lacking
Pum?2 or overexpressing Pum2-EYFP had predominantly long,
thin, filopodia-like structures (>2 pm in length). Although both
types of structures were found in all experimental conditions, the
ratio was significantly altered (Fig. 2 C and D). When measured,
84.67% of all protrusions were under 2 pm in length in control
shRNA-treated neurons. In neurons lacking Pum?2, 53.55% of all
protrusions were less than 2 pm in length. Similar results were
obtained on Pum2-EYFP overexpression, wherein 55.92% of all
protrusions were <2 pm in length. When expressed as a per-
centage of the total number of quantified protrusions, the shift
toward longer filopodia-like structures greater than 2 pm in length
was significant for both shPum2 and Pum2-EYFP (Fig. 2C; P <
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0.01). We also noticed a significant reduction in protrusion density
in both treatment groups (Fig. 2B): Control neurons had 0.64
(£0.02 SE) protrusions per micrometer, whereas neurons lacking
Pum?2 had 0.50 (+0.02 SE; P < 0.001) and Pum2-EYFP-expressing

instance, because Pum2® expression will presumably induce the
same phenotype as Pum2-EYFP and mask any potential rescue.

These changes in protrusion morphology and density prompted
us to investigate the electrophysiological properties of neurons

misexpressing Pum2. We therefore measured the frequency and
amplitude of miniature excitatory postsynaptic currents (mEPSCs)
of control, shPum2-treated, and Pum2-EYFP-overexpressing
neurons (Fig. 2E). Surprisingly, loss of Pum?2 led to an increase in
the mean number of mEPSCs, whereas overexpression of Pum?2-
EYFP led to a decrease (Fig. 2 E and F). Control neurons produced
a mEPSC frequency of 118.39 (+14.27 SE) per minute. Loss of
Pum? led to a significant increase (204.33 +27.29 SE; P < 0.05) and
neurons overexpressing Pum2-EYFP displayed a significant
reduction (73.79 + 13.12 SE; P < 0.05). Interestingly, the mEPSC
amplitude was not significantly affected (Fig. 2G). These changes in
mEPSC frequency but not amplitude were unexpected. Loss of
Stau2 in cultured hippocampal neurons resulted in a similar den-
dritic protrusion phenotype. However, these neurons demonstrated
no changes in mEPSC frequency but significant reductions in
amplitude (8).

neurons had 0.33 (+0.03 SE; P < 0.001) protrusions per micro-
meter, respectively. Coexpression of shPum2 and Pum?2® resulted
in partial rescue of protrusion morphology. Although these neu-
rons had significantly fewer protrusions less than 2 pm compared
with control (72.32% + 2.98 SE; P < 0.05), there was significant
recovery of the phenotype produced by shPum?2 treatment.
Coexpression of shPum2 and Pum2® did not result in rescue of
protrusion density (0.37 = 0.02 SE protrusions per micrometer;
P < 0.001). However, while attempting to rescue the dendritic
arbor phenotype, we observed that expression of Pum2® was
stronger than that of shPum?2, and therefore produced a pheno-
type reminiscent of Pum2-EYFP overexpression. Interestingly,
both shPum2 knock-down and Pum2-EYFP overexpression lead
to a similar phenotype of longer protrusions with a lower density.
It may not be possible to observe a rescue phenotype in this
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Fig. 2. Pum2regulatesdendriticspine morphology and mEPSC frequency. (A) Representative dendrites from neurons treated with control shRNA (Top Left), shPum2
(Top Right), or Pum2-EYFP (Bottom Left) and cotransfected with shPum2 and Pum2® (Bottom Right) at 15 DIV and fixed at 18 DIV. Representative examples for each
group are boxed in red and shown as enlargements to the right. The length of each dendrite panel is 50 pm. (B) shPum2-treated neurons (red bars), Pum2-EYFP-
expressing neurons (green bars), and cotransfected neurons with shPum2 and Pum2® (blue bars) all had a significant (***P < 0.001) reduction in GFP-positive pro-
trusion density. (C) Quantification of GFP-filled dendritic protrusion length. Control shRNA-treated neurons (black bars) had significantly more protrusions that were
less than 2 um in length compared with neurons lacking Pum2 (red bars; P < 0.01), neurons expressing Pum2-EYFP (green bars; P < 0.01), and neurons expressing
shPum2 and Pum2® (blue bars; P < 0.05). (D) Frequency distribution of protrusion length. Pum2 down-regulation (red line) increased the average length of protrusions
compared with control shRNA-treated neurons (black line), Pum2-EYFP-expressing neurons (green line) and shPum2- and Pum2R-cotransfected neurons (blue line).
The dotted line indicates a length of 2 um. (E) Representative recordings of mEPSCs from shPum2-treated neurons (Middle), Pum2-EYFP-overexpressing neurons
(Bottom), and control shRNA-treated neurons (Top). (F) Neurons lacking Pum2 (red bar) show a significant increase in mEPSC frequency (*P < 0.05). Pum2-EYFP-
expressing neurons (green bar) demonstrated a significant (*P < 0.05) reduction in mEPSC frequency. (G) shPum2-treated and Pum2-EYFP-expressing neurons (red
and green bars, respectively) do not display significant changes in mEPSC amplitude. n.s., not statistically significant.
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These unexpected results led us to explore whether there are
concomitant changes in dendritic excitatory synapse numbers in
neurons with altered Pum?2 expression levels. We stained neurons
lacking Pum2 or overexpressing Pum2-EYFP with synapsin and
homer, pre- and postsynaptic marker proteins, respectively. Both
have been previously used to quantify excitatory synapse number
(16). In control neurons, GFP-filled dendritic spines and homer
puncta very often colocalized and were in close proximity to syn-
apsin antibody puncta, suggesting that they represent functional
excitatory synapses (Fig. 34). We quantified both synapsin and
homer puncta along control dendrites and found an average of 0.32
(£0.02 SE) and 0.42 (+0.02 SE) puncta per micrometer, respectively
(Fig. 3E, black bars). Neurons lacking Pum2 predominantly formed
the long thin filopodia previously described in Fig. 2. However, when
stained with the synapsin and homer antibodies, there were
noticeable increases in puncta for both markers along the dendritic
shafts (0.62 + 0.04 SE and 0.99 + 0.05 SE for synapsin and homer,
respectively; P < 0.001; Fig. 3 B and E, red bars). Conversely, neu-
rons overexpressing Pum2-EYFP demonstrated significantly fewer
synapsin and homer puncta as compared with control (0.23 + 0.02
SE, P <0.01 and 0.28 + 0.02 SE, P < 0.001, respectively; Fig. 3 C and
E, green bars). Furthermore, the homer puncta found along the
dendritic shafts of Pum2-EYFP-overexpressing neurons were
weaker in intensity and smaller in size (Fig. 3C). Critically, we were
able to rescue this effect by cotransfecting shPum2 and Pum2®.
These neurons displayed no significant changes in synapsin or
homer puncta (0.36 + 0.04 SE vs. 0.49 + 0.05 SE, respectively; Fig. 3
D and E, blue bars). Because colocalization of these two markers is
considered to represent a functional synapse (16), we quantified the
frequency of synapsin and homer colocalization along the dendrites
of the neurons, which was 0.21 (+0.01 SE) per micrometer (Fig. 3E)
in control neurons. Neurons lacking Pum?2 expressed significantly
more colocalizing puncta (0.52 + 0.03 SE; P < 0.001) per micro-
meter, and neurons overexpressing Pum2-EYFP expressed sig-
nificantly fewer (0.15 + 0.02 SE; P < 0.05) per micrometer,
respectively. Neurons coexpressing shPum2 and Pum2® did not
demonstrate any significant changes in colocalizing puncta (0.22 +
0.03 SE; Fig. 3E) as compared with control. Taken together, our
data suggest that loss of Pum2 significantly enhances excitatory
synapse number on dendritic shafts, even though changes in spine
morphology are observed. This, in turn, leads to increases in mEPSC
frequency in neurons lacking Pum2 and decreases in neurons
overexpressing Pum2-EYFP. On investigation with antibodies
specific for postsynaptic components of inhibitory synapses, we did
not find any changes in inhibitory synapse number.

Because Pum?2 is an RBP that represses the translation of
target mRNAs (17), we hypothesized that these developmental
changes observed on Pum2 misexpression were attributable to
alterations in the translational state of putative Pum?2 target
mRNAs. We immunoprecipitated (IP) Pum2-containing RNPs
using an affinity-purified Pum2 antibody (Fig. 44) and subjected
the eluted RNA to RT-PCR to test for candidate Pum?2-asso-
ciated mRNAs (2, 4). Pum?2 associated with both the elF4E and
scnla mRNAs, encoding the elF4E translation factor and a
voltage-gated sodium channel, respectively (Fig. 4B). Although
scn9a contains a 3’-UTR similar to that of scnla, including the
Pum2 consensus binding site (18), we could not detect this
message in our Pum?2 IPs (Fig. 3B). To confirm that Pum2 was
specifically interacting with the e/F4E mRNA, we performed an
EMSA using the 3'-UTR of elF4E and recombinant Pum2
protein. When combined, Pum2 led to a shift in the migration of
the radiolabeled probe (Fig. 4C, lane 2, asterisk). Incubation
with the anti-Pum2 antibody caused a supershifted band, indi-
cating direct interaction of the two molecules (Fig. 4C, lane 2,
double asterisk). In contrast, the interaction did not occur when
the mRNA was incubated with the N terminus of the Pum?2
protein lacking the RNA-binding domain (Fig. 4C, lane 3). The
interaction was also successfully abolished by competition with
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Fig. 3. Pum2 regulates excitatory synapse number. Neurons were transfected
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shPum2 and Pum2® (D) at 15 DIV, fixed, and either GFP fluorescence (A-D, Top)
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Middle) and presynaptic synapsin (A-D, Bottom Middle) at 18 DIV. (A-D, Bottom)
Merged images. Representative dendrites are shown in A-D; representative pro-
trusions for each group are boxed in red and enlarged. The length of each box is 50
pm. (E) Quantification of synapsin and homer puncta. Neurons from three inde-
pendent experiments were transfected at 15 DIV, fixed, and stained at 18 DIV. In
each experiment, at least four neurons from each group were quantified. Neurons
lacking Pum2 (red bars) showed significant increases (***P < 0.001) in both synapsin
and homer puncta as compared with control shRNA-treated neurons (black bars). In
contrast, Pum2-EYFP-transfected neurons (green bars) demonstrated a significant
reduction in both homer puncta (***P < 0.01) and synapsin puncta (**P < 0.01) as
compared with control neurons (black bars). However, neurons cotransfected with
shPum2 and Pum2® (blue bars) displayed no significant changes in either homer or
synapsin puncta when compared with control. n.s., not significant. When colocal-
izing homer and synapsin puncta were quantified, shPum2-treated neurons had
significantly more than control (P < 0.001), whereas neurons expressing Pum2-EYFP
had significantly fewer (P < 0.05) than control. Neurons cotransfected with shPum2
and Pum2® had comparable colocalizing puncta as control.
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an unlabeled probe, again verifying the specificity of the binding
of Pum2 and e/F4E but not with an unrelated RNA (Fig. 4C,
lanes 4 and 5, respectively). We next set out to determine
whether eIF4E protein levels were altered in neurons lacking
Pum?2. Neurons were transfected at 15 DIV and stained with a
mouse anti-e[F4E antibody 3 days later. Fluorescence intensity
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Fig. 4. Pum2 binds and regulates specific transcripts. (A) Immunopurified
Pum2-specific antibodies immunoprecipitate Pum2 protein. BL, forebrain
lysate; IP-Pum2, immunoprecipitation using Pum2 antibodies; IP-control,
control immunoprecipitation using preimmune sera; In, input; E, elution. (B)
Specific mMRNAs are enriched in the IP-Pum2 eluates. Pum2-specific antibodies
were used to IP Pum2-containing RNPs, and RT-PCR was performed to identify
candidate targets. Scn1a and e/F4E mRNAs were detected in brain lysates as
well as in the IP-Pum2 but not in the IP-control. Scn9a mRNA was detected in
the brain lysate but not in the IP-Pum2 or IP-control. (C) EMSA showing specific
binding of Pum2 to elF4E. The elFAE probe in the absence of Pum2 is depicted in
lane 1. Lane 2 shows the Pum2-elF4E RNA complex (*) as well as a supershift of
the complex on incubation with anti-Pum2 antibody (**). Pum2 lacking the
RNA-binding domain (Pum Nt) does not bind to elF4E (lane 3; see Fig. S2).
Binding is confirmed by competition with unlabeled e/F4E probe (lane 4) and
unrelated RNA (lane 5). (D) Pum2 down-regulation leads to increased elF4E
protein levels. Neurons were treated with shPum2 (red boxes) or control shRNA
(black boxes) and stained for either elF4E or eEF1A. Significantly more (P <
0.001) elFAE protein is detected as compared with control. eEF1a protein levels
remained unchanged. n.s., not significant. () Pum2 binds the 3’-UTR of the
elF4E mRNA and represses translation. The elF4E 3'-UTR was fused to the
Renilla luciferase gene and transfected via electroporation. In neurons lacking
Pum2 (shPumz2, red bars), significantly more (*P < 0.05) luciferase activity was
detected (black bars). In neurons expressing Pum2-EYFP (green bars), sig-
nificantly less (***P < 0.001) luciferase activity was found elF4E regulates
dendritic spine morphology. (F) shelF4E-treated neurons (red bars) and EGFP-
elF4E-expressing neurons (green bars) had a significant (***P < 0.001) reduc-
tion in GFP-positive protrusion density compared with control (black bars). (G)
Quantification of GFP-filled dendritic protrusion length. Control neurons
(black bars) had significantly more protrusions less than 2 pm in length com-
pared with neurons lacking elF4E (red bars; *P < 0.05) and neurons over-
expressing EGFP-elFAE (green bars; *P < 0.05).
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was measured in the soma and expressed as arbitrary units. In
neurons lacking Pum?2, eIF4E levels were significantly increased
from 55.60 (+5.86 SE) arbitrary units to 77.32 (+3.21 SE; P <
0.01; Fig. 4D). Levels of eEF1A protein, whose mRNA has been
predicted to be a Pum?2 target (19), were not changed in response
to loss of Pum2 (Fig. 4D). We also could not detect eEFIA
mRNA in our Pum2 IPs. We finally set out to determine if Pum2
acts as a translational repressor of elF4E. The 3’-UTR of the
e[F4E mRNA was fused to the Renilla luciferase gene and
coexpressed, together with firefly luciferase, for internal nor-
malization in cortical neurons. Luciferase activity was sig-
nificantly higher (2.12 + 0.38 SE normalized luciferase activity
units; P < 0.05; Fig. 4E, red bars) in Pum2-deficient neurons
compared with control (Fig. 4E, black bars). Neurons over-
expressing Pum2-EYFP demonstrated reduced levels of Renilla
luciferase activity (0.86 + 0.01 SE normalized luciferase activity
units; P < 0.001; Fig. 4E, green bars). Control experiments
lacking the e/F4E 3’-UTR did not show significant changes in
Renilla luciferase activity (Fig. 4EF).

The influence of Pum2 on elF4E translation prompted us to
investigate whether misexpression of eIF4E led to neuronal
phenotypes similar to those produced by misexpression of Pum?2.
Neurons were transfected with plasmids expressing either eIF4E
(EGFP-eIF4E) or shRNAs specific for elF4E transcript
(sheIF4E). We first determined the levels of the up- and down-
regulations in neurons compared with the endogenous eIF4E by
quantitative Western blot (Fig. S2 D and E). We then analyzed
dendritic branching in neurons on either overexpression or
down-regulation of eIF4E. To our surprise, a significant increase
in the number of line crossings (P < 0.05) for all radial distances
in shelF4E-transfected neurons was observed (Fig. S2F). Over-
expression of EGFP-eIF4E led to a small reduction of dendritic
branching. Similar results were obtained using a second vector
expressing shRNA targeting a different region of elF4E, sug-
gesting that the observed phenotype was related to eIFAE down-
regulation. To determine the effects on mature neurons, 15 DIV
neurons were transfected with control shRNA, shelF4E, or
EGFP-eIF4E and fixed 3 days later (Fig. 4 F and G). Neurons
misexpressing eIF4E demonstrated a similar phenotype when
compared with neurons misexpressing Pum2. We observed a
significant reduction in protrusion density in neurons lacking
elF4E or overexpressing EGFP-eIF4E (Fig. 4F): Control neu-
rons had 0.50 (+0.04 SE) protrusions per micrometer, whereas
neurons lacking eIF4E had 0.25 (x0.03 SE; P < 0.001) and
EGFP-eIF4E-expressing neurons had 0.31 (+0.03 SE; P < 0.001)
protrusions per micrometer, respectively. Both treatment groups
also displayed altered protrusion morphology (Fig. 4G). These
effects are comparable to those observed with misexpression of
Pum?2, in which we found longer filopodia-like structures. When
measured, 79.57% of all protrusions were under 2 pm in length
in control neurons. In neurons lacking eIF4E, 45.99% of all
protrusions were less than 2 pm in length. Similar results were
obtained on EGFP-eIF4E overexpression, in which 58.6% of all
protrusions were less than 2 pm in length. When expressed as a
percentage of the total number of quantified protrusions, the
shift toward longer filopodia-like structures greater than 2 pm in
length was significant for both shPum2 and Pum2-EYFP (P <
0.05; Fig. 4G).

In summary, our work demonstrates a critical contribution of
Pum? to dendrite development and synaptic function in cultured
hippocampal neurons. In mature neurons, Pum2 regulates the
number of excitatory synapses along the dendritic shaft. Fur-
thermore, Pum?2 significantly affects mEPSC frequency. The fact
that Pum2-deficient neurons show an increase in mEPSC frequency
suggests that these neurons have increased synapse numbers. This is
indeed what we found. However, we cannot exclude the possibility
that there might be an increased presynaptic transmitter vesicle
release probability. Further work is needed to resolve this inter-
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esting aspect. Our work also suggests an interesting mechanism of
translational control within transport particles (2, 20). In Droso-
phila, Pum binds a series of transcripts, with one example being
elF4E (2, 4). eIF4E has been shown to be part of translational
particles near synapses (2). Knock-down of Pum led to an increase in
elF4E, and it was concluded that Pum was negatively regulating the
translation of e/F4E. Our work now presents convincing evidence
that vertebrate Pum?2 negatively regulates the translation of elF4E
and other transcripts, such as scnla, in hippocampal neurons. The
newly synthesized eIF4E would then, in turn, critically regulate local
protein synthesis at the synapse, and thereby dendritic spine mor-
phogenesis and synaptic function.

A study was published during the time this paper was under-
going revision showing that Pum2 can bind the 5’-cap, and thereby
competes with eIF4E to control RNA translation (21). Interest-
ingly, this capacity seems to be linked to critical amino acids
located upstream of the RNA binding motifs in the Pum?2 protein.
Taken together, these results (21), together with our data, suggest
that Pum2 and eIF4E are linked in a complex manner. We show
that Pum?2 binds and regulates the translation of the eJF4E mRNA.
Independent of this role, the two proteins compete for interaction
with the 5'-cap of Xenopus RINGO/SPY RNA to repress (in the
case of Pum2) or enhance (in the case of eIF4E) translation of the
target mRNAs (21). Disrupting Pum2 or eIF4E expression
appears to disrupt this complex relation that leads to our observed
phenotypes in neurons.

It will be interesting to determine whether the 5'-cap-binding
activity of Pum? is restricted to specific mRNAs. Potential RNA
targets for both mammalian Pum1 and Pum?2 have been described
(22). Although the molecular interactions between Pum1 and 2 are
still elusive, Pum proteins show similar substrate specificity and the
sets of associated mRNAs strongly overlap. In addition, Pum pro-
teins may regulate ~15% of the cells’ transcriptome, suggesting a
more general functional role in the control of translation by
recruiting previously undescribed or uncharacterized protein com-
ponents. In fact, the protein composition of Pum2 complexes
remains elusive (23). For this reason, future investigators hope to
identify the molecular composition of Pum2-containing RNPs in
neurons and to unravel unique regulatory mechanisms governing
translational control. Because long-term memory in adult Droso-
phila requires Pum (6), our work provides important insight into the
underlying mechanism of how Pum regulates synaptic translation,
thereby affecting dendritic spine morphogenesis and synaptic
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function in hippocampal neurons. Future experiments will have to
provide experimental data verifying this exciting hypothesis.

Materials and Methods

Constructs, Hippocampal Cell Culture and Transient Transfection. For details of
all constructs, cloning, and antibodies, see S/ Methods. Rat hippocampal
neurons were cultured and transiently transfected as described (7, 24, 25).

EMSAs. EMSA was performed as previously described (26) with modifications
(see SI Methods).

Dual Luciferase Assay. The 3’-UTR of mouse elF4E transcript was amplified by
PCR and cloned downstream of the Renilla luciferase gene into the psi-
CHECK-2 vector (Promega) expressing both Renilla and firefly luciferase. As
control, empty luciferase reporter plasmid without the 3’-UTR was used (For
furhter details, see S/ Methods).

IP and RT-PCR. Adult rat brain was homogenized in ice-cold extraction buffer
[EB; 25 mM Hepes (pH 7.4), 150 mM KCl, 20 mM MqgCl,, 8% (v/v) glycerol,
0.1% Nonidet P-40, 1 mM DTT, RNase inhibitor, and standard protease
inhibitor mixture]. One hundred micrograms of affinity-purified anti-Pum2
antibody or an adequate amount of the respective preimmune serum was
incubated with 100 pg of Protein A Sepharose beads (Amersham Bioscience)
for 2 h at 4 °C. The latter were preincubated/blocked with 60 pg of tRNA for
45 min rotating at 4 °C. After four washes with 1x EB, half of the immu-
noprecipitate (50 ug of the beads) was analyzed via Western blot and the
other half was treated with TRIzol (Invitrogen) to isolate total RNA following
the manufacturer’s instructions. After RT, the cDNA was used as a template
for PCR. For primer sequences, see Table S1.

Sholl and Data Analysis. Sholl analysis was performed as previously described
(13, 27). For further details, see SI Methods.

Electrophysiology. For details of the whole-cell patch clamp recording setup,
and experimental design, see S/ Methods.
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