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Abstract
Regulation of dendritically localized mRNAs offers an important means by which neurons can
sculpt precise signals at synapses. Arc is one such dendritically localized mRNA, and it has been
shown to contain two exon-junction complexes (EJC) within its 3’UTR. The EJC has been
postulated to regulate cytoplasmic Arc mRNA availability through translation dependent decay
and thus contribute to synaptic plasticity. Core proteins of the EJC include eIF4A3, an RNA
helicase, and Magoh, which stabilizes the interaction of eIF4A3 with target mRNAs. Arc mRNA
expression is activity-regulated in numerous brain regions, including the dorsal striatum and
hippocampus. Therefore in this study, the in vivo expression of these core EJC components was
investigated in adult Sprague-Dawley rats to determine whether there are also behaviorally-
regulated changes in their expression. In the present work, there was no change in the expression
of Magoh mRNA following spatial exploration, a paradigm previously reported to robustly and
reliably upregulate Arc mRNA expression. Interestingly, however, there were increases in eIF4A3
mRNA levels in dorsal striatum and hippocampus following spatial exploration, similar to
previous reports for Arc mRNA. Furthermore, there were activity-dependent changes in eIF4A3
protein distribution and expression within striatum following spatial exploration. Importantly,
eIF4A3 protein colocalized with Arc mRNA in vivo. Like Arc mRNA expression, eIF4A3 mRNA
expression in dorsomedial striatum, but not dorsolateral striatum or hippocampus, significantly
correlated with behavioral performance on a striatally-mediated, response-reversal learning task.
This study provides direct evidence that a core EJC component, eIF4A3, shows activity-dependent
changes in both mRNA and protein expression in the adult mammalian brain. These findings thus
further implicate eIF4A3 as a key mediator of Arc mRNA availability underlying learning and
memory processes in vivo.
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1
Many dendritically localized mRNAs, including the immediate-early gene Arc/Arg3.1
(activity-regulated, cytoskeleton-associated protein), are subjected to numerous types of
intraneuronal processing, including post-transcriptional regulation and localized protein
synthesis (Ule and Darnell, 2006, Panja et al., 2009). Such post-transcriptional processing
plays a key role in mediating normal, synapse-specific plasticity (Klann and Dever, 2004,
Sutton and Schuman, 2006). The exon-junction complex (EJC) is critical to global mRNA
function (Tange et al., 2004), with a role mediating neuronal Arc mRNA expression recently
coming to light (Giorgi et al., 2007). One postulated mechanism regulating Arc mRNA
availability is translation dependent decay (TDD) through the RNA surveillance process of
nonsense-mediated mRNA decay (NMD) (Giorgi et al., 2007, Soule et al., 2012), wherein
mRNAs can be degraded following the first round of translation if EJCs remain bound to the
transcript (Maquat, 2004). Arc mRNA is a natural target for TDD due to the two EJCs
within the 3’UTR, theoretically leading to tight control of Arc mRNA availability and
protein synthesis (Giorgi et al., 2007). Thus, the EJC and associated mRNA decay processes
could potentially contribute to Arc mRNA availability and thus synapse-specific signaling
and plasticity.

The minimally stable core of the EJC consists of eIF4A3, Magoh/Y14 and MLN51 (Ballut
et al., 2005, Tange et al., 2005); absence of eIF4A3 inhibits EJC deposition (Shibuya et al.,
2004). As eIF4A3 is the keystone mRNA binding protein of the EJC, it may act as a brake
on cytoplasmic Arc mRNA availability (Giorgi et al., 2007) and thereby potentially play a
key role in neuroplasticity. Dynamic regulation of eIF4A3 may thus offer an intriguing
means to modulate synaptic plasticity processes in the adult mammalian brain due to its core
role in EJC formation (Shibuya et al., 2004, Tange et al., 2005) and known association with
mRNAs critical to neuronal function (Giorgi et al., 2007). However, whether eIF4A3
mRNA and protein expression changes in response to neuronal activation in the adult
mammalian brain in vivo has yet to be fully explored and was thus the goal of the present
work.

In the present study, we demonstrate activity-dependent increases in the expression of
eIF4A3 mRNA, but not the expression of another EJC component Magoh, in the adult
rodent CNS. We also report brain-region specific relation of eIF4A3 mRNA expression to
behavioral indices of new learning, consistent with previous observations for Arc mRNA
(Guzowski et al., 1999, Daberkow et al., 2007, 2008). The present findings thus suggest that
the expression of eIF4A3 is activity-regulated and that eIF4A3 expression in brain regions
being engaged in a particular learning task correlates with that learning. These results thus
provide evidence that not only do neurons regulate many effector genes critical for plasticity
processes, they also dynamically regulate the regulatory elements contributing to such
signaling in the adult mammalian brain in vivo.

2. Experimental Procedures
2.1. Animals

Male Sprague-Dawley rats (Charles River Laboratories, Raleigh, NC; 275-300 g) were
singly housed in tub cages in a room controlled for temperature and lighting (12:12 hr).
Animal care and experimental procedures conformed to the Guide for the Care and Use of
Laboratory Animals (The National Academies Press, 8th Ed.) and were approved by the
Institutional Animal Care and Use Committee at the University of Utah.
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2.2. Novel Spatial Exploration
Rats were divided into five experimental groups of 4-10 rats each. Rats were handled prior
to the experiment to familiarize them to the experimenter and handling. Rats were exposed
to a 2-ft × 2-ft plastic tub, novel spatial environment, a paradigm known to robustly and
reliably induce Arc mRNA and other immediate-early gene expression, as previously
described (Guzowski et al., 1999, Chawla et al., 2005, Vazdarjanova et al., 2006, Daberkow
et al., 2007). Rats were removed from their home cage after having been isolated in the cage
for 24 hours. Caged control (CC) rats (n=10) were sacrificed immediately upon removal
from the home cage. The “5 min” group rats (n=10) were exposed to the novel environment
for 5 min and then immediately sacrificed; “30 min” group rats (n=10) were exposed for 5
min to the novel environment and then returned to the home cage for 25 min before
sacrifice; “60 min” group rats (n=4) were exposed for 5 min to the novel environment and
then returned to the home cage for 55 min before sacrifice. Animals were sacrificed by
exposure to CO2, decapitated and brains immediately removed and flash-frozen in 2-
methylbutane (Mallinckrodt Baker, Phillipsburg, NJ) chilled on dry ice.

2.3. T-maze, response-reversal learning task
A separate group of rats (n=11) was habituated to the T-maze and experimenter as
previously described (Daberkow et al., 2007, 2008, Pastuzyn et al., 2012). After T-maze
habituation, the turn bias of each rat was determined, and acquisition training on the T-maze
proceeded as previously described (Daberkow et al., 2007, Pastuzyn et al., 2012). During the
response-reversal task, rats were rewarded for turning in the opposite direction from
acquisition with task completion being when the rat reached criterion (9 / 10 correct
consecutive turns). Each trial on this task took approximately 1 min. Five min after reaching
criterion, animals were sacrificed and brains collected as described above. As with the novel
spatial exploration task, CC rats (n=11) associated with this experiment were immediately
sacrificed upon removal from their home cage.

2.4. Tissue preparation
Striatal and hippocampal sections (Bregma: +1.2–1.5 mm and -2.8–3.3 mm, respectively
(Paxinos and Watson, 1998)) were cryosectioned at 12-μm (Cambridge Instruments,
Bayreuth, Germany) and thaw-mounted onto SuperFrost Plus slides (VWR, Batavia, IL).
Slides to be directly compared were processed in parallel. Slides were postfixed as
previously described (Ganguly and Keefe, 2001), air-dried and stored at -20°C until
histochemical processing.

2.5. Fluorescent immunohistochemistry
Striatal sections to be labeled for eIF4A3 protein were washed 2 × 5 min in PBS/0.1%
Triton-X (PBS-T), blocked for 1 hr with PBS/0.1% Triton X/0.1% Bovine Serum Albumin
(PBSTB), and then washed 2 × 5 min in PBS-T. Protein was then detected with rabbit anti-
eIF4A3 antibody (Abcam, Cambridge, MA) at a concentration of 5 μg/mL overnight at 4°C.
Slides were then washed 2 × 5 min in PBS-T followed by incubation with donkey anti-rabbit
Alexa Fluor-488 (1:1000; Invitrogen, Carlsbad, CA) in PBS-TB for 2 hr at 24°C. Slides
were washed 2 × 5 min in PBS-T and coverslipped with Prolong Gold mounting media with
DAPI nuclear counterstain (Invitrogen, Carlsbad, CA).

2.6. Radioactive in situ hybridization
Full-length rat eIF4A3 and mouse Magoh (93% sequence homology to rat) cDNA-
containing vectors were purchased for plasmid isolation (eIF4A3 [GenBank: BC105875.1]
clone ID 7120292; Magoh [GenBank: BC018176.1] clone ID 3587774; Open Biosystems,
Huntsville, AL). The cDNAs were linearized (EcoRI; Roche Applied Science, Indianapolis,
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IN), and probes transcribed with [S35]-UTP or [P33]-UTP (Perkin Elmer, Waltham, MA)
with T7 RNA polymerase (Roche Applied Science, Indianapolis, IN). In situ hybridization
was performed as previously described (Ganguly and Keefe, 2001).

2.7 Dual Arc fluorescent in situ hybridization and eIF4A3 immunohistochemistry
Co-expression of Arc mRNA and eIF4A3 protein in dorsal striatum was determined by
combined fluorescence in situ hybridization histochemistry (FISH) for Arc mRNA and
eIF4A3 protein, as previously described for Arc FISH (Daberkow et al., 2007, 2008) and as
described above (2.5) for eIF4A3 protein with minor modifications to the buffers (TNT
buffer: 0.1M Tris-HCl, pH 7.5, 0.15M NaCl, 0.05% Tween-20). A full-length ribonucleotide
probe complementary to Arc mRNA (Lyford et al., 1995) was synthesized from cDNAs
using digoxigenin-UTP (DIG-UTP) with T7 RNA polymerase and DIG-UTP RNA labeling
kit (Roche) (Daberkow et al., 2007, 2008). Slides were hybridized with Arc ribonucleotide
probe overnight (12–18 h) in a humid chamber at 56 °C. Once removed, slides were
vigorously washed at 24°C four times in 2 × SSC buffer (0.15 M NaCl with 0.015 M sodium
citrate). Slides were then washed in ribonuclease A (RNase A; 10 μg / mL; Roche Applied
Science) in 2 × SSC for 15 min. After incubation with RNase A, slides were washed 5 min
in 2 × SSC, then 4 × 20 min in 0.2 × SSC at 24°C. Endogenous peroxidase activity was then
quenched with 2% H2O2 for 15 min, slides were washed 2 × 5 min in TNT buffer, and then
slides were incubated for 2 hours at RT with an anti-digoxigenin antibody (1:1000) coupled
to horseradish peroxidase (HRP; Roche). The Arc probe was detected by cyanine-3 (cy-3)
tyramide signal amplification (TSA Plus; Perkin–Elmer). After detection of the DIG-labeled
Arc ribonucleotide probe, slides were washed in 2 × 5 min in TNT and eIF4A3 protein
detected as above (2.5). The next day, slides were washed 2 × 5 min in TNT, incubated for 2
hours RT with a goat anti-rabbit-HRP antibody (Millipore, Billerica, MA), then washed 2 ×
5 min in TNT. The eIF4A3 protein signal was detected by fluorescein TSA (Perkin–Elmer)
then washed 2 × 5 min in TNT. Finally, slides were coverslipped with Prolong Gold
mounting media with DAPI (Invitrogen).

2.8. Image acquisition and analysis
To determine eIF4A3 protein expression in dorsomedial striatum (+1.2–1.5 mm bregma),
0.6 mm2 fields from two striatal sections per animal were imaged on a Leica DM4000B
fluorescent microscope at 40x. Each image was analyzed using ImageJ (NIH) with the
inverted LUT threshold set to 15 to remove background. The mean gray value and percent
of the total field area with eIF4A3 signal were measured.

Film autoradiograms of sections processed for radioactive in situ hybridization were
digitized (ImageJ). For both eIF4A3 and Magoh mRNAs, four sections per animal were
imaged from dorsal striatum (rostral (+1.2–1.5 mm bregma) and middle (+0.5 mm bregma))
and dorsal hippocampus (-2.8–3.3 mm bregma). Film autoradiograms were analyzed using
ImageJ (Ganguly and Keefe, 2001). The mean gray value of white matter was subtracted
from the mean gray value of the regions of interest. Mean gray values for each animal were
then normalized to the average signal in the CC group.

Combined FISH/immunohistochemistry images (105.5 μm × 105.5 μm) in dorsomedial
striatum (+1.2–1.5 mm bregma; Figure 4A-D) were captured under 2x zoom magnification
with an FV1000 confocal laser-scanning microscope (Olympus) with motorized stage (Prior
Scientific) using a 60x, 1.45 NA osil-immersion lens (plan APO) and 405-nm Diode, 488-
nm Ar, and 543-nm HeNe lasers (Daberkow et al., 2007, 2008). Areas of analysis were z-
sectioned in 0.5-μm-thick optical sections.
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2.9. Statistical analyses
Expression of mRNAs and protein in rats after spatial exploration were compared using one-
way ANOVAs followed by post-hoc Dunnett's tests. Levels of eIF4A3 mRNA expression
following response-reversal learning were compared to CC levels using two-tailed t-tests
and also correlated with performance.

3. Results
3.1. Spatial Exploration and expression of EJC components eIF4A3 and Magoh

Initially, we characterized the in vivo expression of the EJC factor eIF4A3 in dorsal striatum
of rats following spatial exploration of a novel environment (Figure 1). eIF4A3 expression
in dorsal striatum increased above that in CC rats following novel environment exploration
(Figure 1A; “5 min”=114.7%±8.0 of CC; “30 min”=123.0%±3.9 of CC; “60 min”=102.3%
±14.4 of CC; F(3,35)=3.29, p=0.03). Post-hoc analysis revealed a significant increase over
CC animals in the “30 min” group (p=0.03; Fig 1D,E). We then asked whether spatial
exploration was associated with an increase in Magoh expression, which would suggest
global changes in the expression of EJC factors. Although Magoh was also basally
expressed, we did not detect any significant increases in Magoh mRNA expression in
animals that engaged in the spatial exploration task (“5 min”=98.7%±1.64 of CC; “30
min”=95.9%±1.93 of CC; “60 min”=98.3%±4.91 of CC; F(3,20)=0.73, p>0.05; Figure 1B).

Given that Arc mRNA expression is increased in an activity-dependent manner in numerous
brain regions (Guzowski et al., 1999, Chawla et al., 2005, Daberkow et al., 2007), we
examined whether activity-dependent eIF4A3 mRNA expression was similarly broadly
distributed in the brains of rats subsequent to spatial exploration of a novel environment. As
in dorsal striatum, there was a time-dependent increase in eIF4A3 mRNA expression in
dorsal hippocampus (Figure 2A-D), including the CA1 (“5 min”=108.2%±2.4, “30
min”=111.4%±3.0, “60 min”=128.5%±8.2; F(3,32)=3.18, p=0.04; Figure 2A) and CA3 (“5
min”=106.5%±1.5, “30 min”=108.3%±2.1, “60 min”=119.0%±5.8; F(3,32)=2.97, p=0.05;
Figure 2B) subregions. Post-hoc analysis revealed significant increases in eIF4A3 mRNA
expression over CC animals in the CA1 of the “30 min” group (p=0.02) and a trend for
increases in expression over CC animals in the “60 min” group (p=0.08). Likewise, post-hoc
analysis of the data from CA3 revealed a significant increase over CC animals in the “30
min” group (p=0.05). Similar to previous reports for novelty-induced Arc mRNA expression
in the dentate gyrus (DG) subregion of hippocampus (Chawla et al., 2005), there was a time-
dependent increase in eIF4A3 mRNA expression in the upper blade of the DG (DGub;
F(3,32)=3.22, p=0.04). Post-hoc analysis revealed significant increases in eIF4A3 mRNA
expression in the DGub of the “5 min” (116.4%±4.6, p=0.05) and “30 min” (116.5%±3.4,
p=0.05; Figure 2C) groups relative to the CC group, as well as a trend for increase in
expression in the “60 min” group (119.7%±3.4, p=0.07). Conversely, there was no change in
eIF4A3 expression in the lower blade of the dentate gyrus (DGlb F(3,32)=1.37, p=0.3; Figure
2D) at any time point.

As with striatum, there were no significant increases in Magoh mRNA expression in any
regions of the hippocampus following spatial exploration (Figure 2E-H; CA1 “5
min”=109.9%±5.3, “30 min”=105.0±3.1, “60 min”=115.8%±4.1; F(3,31)=1.15, p>0.05; CA3
“5 min”=98.3%±4.2, “30 min”=103.0%±3.6, “60 min”=98.4%±4.1; F(3,31)=0.65, p>0.05;
DGub “5 min”=103.4%±4.0, “30 min”=106.4%±1.8, “60 min”=92.6%±3.2; F(3,18)=0.35,
p>0.05; DGlb “5 min”=96.8%±5.4, “30 min”=100.3±4.7, “60 min”=87.1%±5.0;
F(3.18)=1.38, p>0.05). Thus, there were activity-related increases in eIF4A3, but not Magoh,
mRNA in both dorsal striatum (Figure 1) and dorsal hippocampus (Figure 2). The activity-
related expression of eIF4A3 is similar to the pattern of exploration-induced Arc mRNA
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expression previously reported, including time-dependent increases in both dorsal striatum
(Daberkow et al., 2007) and CA1, CA3, and DGub subregions of hippocampus (Guzowski
et al., 1999, Chawla et al., 2005, Vazdarjanova et al., 2006).

3.2. Activity-related increase in eIF4A3 protein distribution in striatum
To further assess the activity-dependent regulation of eIF4A3, we used fluorescence
immunohistochemistry to examine the expression of eIF4A3 protein after animals engaged
in spatial exploration of a novel environment (Figure 3). CC animals exhibited low basal
distribution of eIF4A3 protein (percent of total field area with signal) but high signal
intensity (mean gray value of pixels). Following exploration, there was a significant time-
dependent increase in the percent of the total field area with signal (F(4,37)=4.95, p=0.003;
Fig. 3A), with the “30 min” group showing increased distribution of the eIF4A3 signal
relative to the CC group (p<0.01). This distribution returned to basal levels by 60 minutes
(Figure 3A), such that expression within the “60 min” group was not significantly different
from the CC group (p>0.9). Furthermore, there was a significant time-dependent effect on
eIF4A3 protein signal intensity (mean gray value) within striatum (F(4,37)=5.21, p=0.002;
Figure 3B). Post-hoc analysis revealed a significant decrease in the signal intensity in the
“30 min” group (p=0.02) relative to the CC group. As was the case for the distribution of the
eIF4A3 signal, the increase in signal intensity returned to basal levels by 60 minutes, such
that expression in the “60 min” group was not significantly different from the CC group
(p=0.7). Correlating the measurement of percent field area with eIF4A3 signal to the signal
intensity (mean gray value of pixels) revealed a strong inverse correlation (R2=0.89,
p<0.0001; Figure 3C), suggesting that there is activity-dependent movement of this protein
together with mRNA granules, such as Arc (Kanai et al., 2004), during periods of neuronal
activation rather than de novo synthesis of protein

3.3 Colocalization of eIF4A3 protein with Arc mRNA
To examine whether Arc mRNA and eIF4A3 protein interact in vivo, we performed double-
label detection of Arc mRNA and eIF4A3 by combined FISH/fluorescent
immunohistochemistry followed by confocal imaging in a subset of rats (n=3) following
response-reversal learning on the T-maze (Figure 4). Areas of Arc mRNA and eIF4A3
protein colocalization are found throughout the dorsomedial striatum under these conditions
(Figure 4A). To estimate the extent of colocalization, two separate image fields from each
T-maze-trained rat were analyzed. On average, 43.5%±0.02 of Arc mRNA-positive puncta
colocalized with eIF4A3 protein-positive puncta outside of the somatic compartment,
whereas 33.9%±0.2 of eIF4A3 protein-positive puncta colocalized with Arc mRNA-positive
puncta. A previous study reported that ~59% of Arc mRNA-positive puncta colocalized with
eIF4A3 protein-puncta, whereas 29% of eIF4A3 protein-positive puncta colocalized with
Arc mRNA-positive puncta in vitro following 6-hr incubation of cultured hippocampal
neurons with BDNF (Giorgi et al., 2007), Additionally, another study reported that the
neuron-specific RNA binding protein Smaug-1 also showed 40-60% colocalization with
CaMKIIa mRNA following NMDA receptor stimulation in cultured hippocampal neurons in
vitro, with this protein contributing to CaMKIIa mRNA availability and activity-dependent
protein synthesis (Baez et al., 2011). Thus, our analysis of the in vivo colocalization of Arc
and eIF4A3 following learning is in line with previous reports for RNA binding proteins
colocalizing with target mRNAs following various pharmacological stimulation paradigms
in vitro.

3.4. Correlation between eIF4A3 mRNA expression and striatally-mediated learning
Previously, we reported that Arc mRNA expression in dorsomedial (DM), but not
dorsolateral (DL), striatum of normal rats correlates with trials to criterion on a T-maze-
based, response-reversal learning task (Daberkow et al., 2007). Furthermore, knockdown of
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Arc mRNA in DM striatum impairs consolidation of reversal learning on this task (Pastuzyn
et al., 2012). Thus, we examined whether eIF4A3 mRNA expression correlates with
behavioral performance. Similar to our prior observations with Arc mRNA (Daberkow et al.,
2007, 2008), eIF4A3 mRNA expression significantly increased in DM and DL striatum of
animals performing on the T-maze relative to CC rats (Figure 5A; CC - DM: 34.9±1.9; DL:
35.5±2.38; T-maze - DM: 43.3±1.1, t(10)=6.63, p=0.0001; DL: 44.0±1.2, t(10)=6.3,
p=0.0001). However, only eIF4A3 mRNA expression in DM striatum (R2=0.39; p=0.04;
Figure 5B) significantly correlated with behavioral performance (i.e. trials to criterion);
eIF4A3 mRNA expression in DL striatum (R2=0.02; p>0.1; Figure 5C) or any subregion of
dorsal hippocampus (CA1, R2=0.22; p>0.1; CA3, R2=0.11; p>0.1; DGub R2=0.16; p>0.1;
DGlb R2=0.11; p>0.1; Figure 5D-E) did not correlate with behavioral performance.

4. Discussion
We presently demonstrate increased expression of the EJC factor eIF4A3 in the adult rodent
CNS under conditions of spatial exploration and striatally-mediated response-reversal
learning. The level of eIF4A3, but interestingly not Magoh, mRNA increased in an
activation-related manner across multiple brain regions, and expression of eIF4A3 mRNA in
DM striatum correlated with behavioral performance on a striatally-based response-reversal
learning task. Furthermore, eIF4A3 protein colocalized with Arc mRNA in vivo following
striatally-mediated learning. Given the complex signaling required of neurons undergoing
activity-dependent synaptic modifications, it is conceivable that such plasticity requires
activity-dependent expression of eIF4A3 to facilitate normal mRNA quality control through
NMD (Chang et al., 2007, Shyu et al., 2008) and to regulate the translation and decay of
plasticity-related mRNAs, such as Arc (Giorgi et al., 2007, Soule et al., 2012). The present
observations are the first to demonstrate activity-dependent changes in eIF4A3 mRNA and
protein levels in the adult mammalian brain in vivo, further implicating eIFAA3 as a
mediator of activity-dependent neuroplasticity processes.

eIF4A3 likely plays an important role in neuronal mRNA processing given its core role in
EJC formation and function (Shibuya et al., 2004, Ballut et al., 2005). Numerous aspects of
post-transcriptional mRNA processing are mediated by the EJC, including
nucleocytoplasmic shuttling (Shibuya et al., 2004), cytoplasmic translational control (Diem
et al., 2007), and NMD/TDD (Maquat, 2004). Specifically, continued presence of the EJC
on spliced mRNAs following the first round of protein translation can initiate mRNA decay
by NMD (Maquat, 2004, Shibuya et al., 2004), thereby tightly limiting mRNA availability.
Given the exclusive role that eIF4A3 plays in EJC formation (Chan et al., 2004, Shibuya et
al., 2004) and NMD (Ferraiuolo et al., 2004), it is likely a critical component of mRNA
stability underlying normal neuronal signaling in the adult mammalian CNS.

Numerous neuronal mRNAs are dendritically targeted for local protein synthesis, indicating
a need for tight post-transcriptional and translational regulation of these mRNAs to
coordinate neuronal signaling (Ule and Darnell, 2006, Goldie and Cairns, 2012). The EJC,
and eIF4A3 specifically, may thus allow neurons to regulate the expression of specific
effector mRNAs, such as Arc, through NMD/TDD or through other post-transcriptional
processes involved in the trafficking of such effector mRNAs to or translational control of
those mRNAs at synapses. Unlike other eIF4A isoforms (Li et al., 1999), which are
components of the eIF4F translation initiation complex (Klann and Dever, 2004), eIF4A3
plays a distinct role in mRNA stability. Understanding whether these other eIF4A isoforms
also show activity-dependent changes in expression will help clarify the precise contribution
made by the EJC and NMD vs. translational regulation in determining synaptic plasticity
processes. However, given the known role of eIF4A3 in mRNA regulation and its activity-
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related expression, mRNA stability processes mediated by NMD may act as a potential
means by which neurons can regulate response to synaptic stimuli.

As demonstrated by others (Giorgi et al., 2007, Soule et al., 2012) and now us (Figure 4),
one potential means for eIF4A3 to contribute to synaptic plasticity is through interaction
with and regulation of Arc mRNA. As eIF4A3 is critical to the EJC (Chan et al., 2004,
Shibuya et al., 2004, Ballut et al., 2005), it may act as a brake on cytoplasmic Arc mRNA
availability through NMD (Giorgi et al., 2007). Arc is a target for NMD due to the two EJCs
within the 3’UTR, leading to tight control of Arc protein synthesis (Giorgi et al., 2007,
Soule et al., 2012). Knockdown of eIF4A3 increased Arc mRNA and protein levels in rat
hippocampal somata and dendrites in vitro and increased mEPSC amplitude and synaptic
mGLUR1 levels (Giorgi et al., 2007), indicating that eIF4A3 can directly affect Arc-
dependent synaptic plasticity. This present work demonstrates time-dependent changes in
eIF4A3 protein distribution and signal intensity following exploration of a novel
environment. Additionally, eIF4A3 protein colocalized with Arc mRNA in the dorsal
striatum following striatally-mediated learning (Figure 4), similar to previous reports in vitro
(Giorgi et al., 2007). Thus, one potential explanation for the observed increase in
distribution of eIF4A3 protein is that neuronal activation associated with spatial exploration
or engagement on a learning and memory task induces de novo transcription of effector
mRNAs, such as Arc (Guzowski et al., 1999, Daberkow et al., 2007), which in turn leads to
the formation of eIF4A3-containing protein-mRNA granules (Kanai et al., 2004) that then
distribute out into dendrites. Such greater distribution of the eIF4A3-containing granules
throughout the neuropil may then result in the lower signal intensity in any given set of
labeled pixels. However, we cannot presently rule out the possibility that the observed
changes in eIF4A3 protein expression also reflect de novo eIF4A3 protein synthesis. Many
plasticity-associated mRNAs, including CaMKIIα (Ouyang et al., 1997), zif268
(Zangenehpour and Chaudhuri, 2002) and even Arc (Vazdarjanova et al., 2006, Niere et al.,
2012), demonstrate rapid protein synthesis in response to stimuli. Thus, while it was
somewhat surprising that the percent of the total field area with eIF4A3 protein increased
relatively rapidly in response to exploration of a novel environment, this timeframe is not
unrealistic for neuronal protein translation and would thus supply an alternative
interpretation of the presently observed changes in eIF4A3 protein expression

Our novel findings for eIF4A3 mRNA and protein levels parallel those previously reported
for Arc mRNA (Guzowski et al., 1999, Chawla et al., 2005, Daberkow et al., 2007). First,
eIF4A3 mRNA is rapidly increased in dorsal striatum (Daberkow et al., 2007), as well as in
CA1, CA3, and DGub of dorsal hippocampus (Guzowski et al., 1999) of adult rats engaged
in brief (5 min) exploration of a novel environment. Second, like Arc mRNA (Chawla et al.,
2005, Vazdarjanova et al., 2006), eIF4A3 mRNA expression was not increased in DGlb.
Third, there is a significant correlation between eIF4A3 mRNA levels in DM striatum, but
not DL striatum or dorsal hippocampal subfields, and trials to criterion on a striatally-based,
response-reversal learning task (Daberkow et al., 2007, 2008). Fourth, Arc mRNA
colocalized with eIF4A3 protein in vivo following striatally-based learning, as it has been
shown to do in the hippocampus in vitro as well (Giorgi et al., 2007). Finally, there was a
significant activity-dependent increase in eIF4A3 protein distribution that returned to basal
levels 60 min after exploration of a novel environment, in close parallel to the time frame of
Arc transcription, trafficking, and protein translation (Vazdarjanova et al., 2006, Baez et al.,
2011). These findings suggest that eIF4A3 may critically regulate Arc-dependent synaptic
plasticity. In this regard, it is interesting that EJC components also regulate MAP kinase
(MAPK) splicing in Drosophila (Ashton-Beaucage et al., 2010, Roignant and Treisman,
2010). MAPK is critical for ERK phosphorylation, and thus, Arc mRNA targeting to
activated synapses (Huang et al., 2007, Wang et al., 2009). The in vivo observations
reported herein are the first to demonstrate activity-related regulation of the core EJC
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component eIF4A3, with the expression of eIF4A3 mRNA showing notable similarities to
the behaviorally-induced expression of Arc mRNA previously reported by others (Guzowski
et al., 1999, Chawla et al., 2005, Vazdarjanova et al., 2006) and us (Daberkow et al., 2007,
2008, Pastuzyn et al., 2012). The extent to which eIF4A3 is necessary for Arc-dependent
neuroplasticity in the brain in vivo is currently under further investigation.

Presently, the basis for the activity-related expression of eIF4A3 mRNA levels is unknown,
but the current findings further highlight that neurons dynamically regulate mRNAs
involved in post-transcriptional processing, such as RNA binding. For example, the
mediator of cap-binding activity during protein translation initiation, eIF4E mRNA, shows
dendritic localization and increased association with PSD-95 upon KCl stimulation in vitro
(Moon et al., 2009), demonstrating that neurons not only dendritically localize effector
genes, but also the factors that facilitate local translation of those effector genes.
Additionally, the brain-specific, ELAV/Hu family of RNA-binding proteins, which are
known to contribute to GAP-43 mRNA localization and cytoplasmic stabilization, also show
dendritic localization (Bolognani et al., 2004) and activity-dependent expression following
spatial learning (Pascale et al., 2004). Furthermore, ELAV/Hu expression is modulated by
glutamatergic (seizures) or dopaminergic (cocaine) signaling (Tiruchinapalli et al., 2008),
thereby demonstrating a role of classical neurotransmitter systems converging onto activity-
dependent, post-transcriptional regulatory elements to modulate neuronal responses. Thus,
future work will clarify whether neuronal stimulation results in new transcriptional
activation of eIF4A3 or alternative post-transcriptional processing of eIF4A3, so as to
determine the basis for the observed activity-dependent changes in eIF4A3 mRNA and
protein levels.

5. Conclusions
Our present findings reveal activity-related increases in eIF4A3 mRNA and protein
distribution in the adult mammalian CNS in vivo. Previous reports indicate a unique
function for eIF4A3 in regulating expression of Arc mRNA (Giorgi et al., 2007), a key
mediator of synaptic plasticity (Guzowski et al., 2000, Chowdhury et al., 2006, Rial Verde
et al., 2006) and basal ganglia-mediated learning consolidation (Pastuzyn et al., 2012).
Herein, we demonstrate that eIF4A3, but not Magoh, mRNA shows striking similarities to
Arc mRNA in terms of patterns of expression in the context of spatial exploration
(Guzowski et al., 1999, Chawla et al., 2005) and the correlation of mRNA expression with
learning (Daberkow et al., 2007, 2008), implicating eIF4A3 as a potential regulator of Arc
expression in vivo. These present observations suggest that neurons coordinate the
expression of not only effector genes, such as Arc, but also post-transcriptional regulatory
factors and pathways required by those specific effector genes. Dysfunction in these factors
and pathways potentially disrupts neuroplasticity processes and can lead to neurological
disorders (Dahm and Macchi, 2007, Tarpey et al., 2007). However, how these regulatory
elements are themselves expressed and behaviorally activated in the adult, mammalian brain
is currently less clear. Future studies are thus needed to determine the precise mechanisms
by which eIF4A3 is regulated in vivo, as well as the functional roles that eIF4A3 may be
playing in the post-transcriptional regulation of select effector genes within activated
neurons. Such knowledge will afford a more complete understanding of both normal and
abnormal neuroplasticity processes required of the adult mammalian CNS.
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Abbreviations

eIF4A3 eukaryotic initiation factor 4A3

EJC exon-junction complex

Arc/Arg3.1 activity-regulated, cytoskeleton-associated protein

TDD translation dependent decay

NMD nonsense-mediated mRNA decay

CC cage control

CNS central nervous system

PBS-T PBS/0.1% Triton-X

PBS-TB PBS/0.1% Triton-X/0.1% Bovine Serum Albumin

TNT TBS/0.05% Tween-20

TSA tyramide signal amplification

DIG-UTP digoxigenin-conjugated UTP

FISH fluorescence in situ hybridization

DM dorsomedial

DL dorsolateral

DGub upper blade of dentate gyrus

DGlb lower blade of dentate gyrus

FMRP Fragile X mental retardation protein

BDNF brain-derived neurotrophic factor

HRP horseradish peroxidase

mGLUR1 metabotropic glutamate receptor 1

mEPSC miniature excitatory postsynaptic current

ELAV embryonic lethal, abnormal vision protein

GAP-43 growth associated protein 43

MAPK mitogen-activated protein kinase
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Highlights

Exon junction complex components eIF4A3 and Magoh expression investigated in vivo.

Activity-dependent expression of eIF4A3 parallels that previously reported for Arc.

eIF4A3 expression increased in striatum and hippocampus with behavioral activation.

Striatal eIF4A3 mRNA expression correlates with striatally-based learning.

Neurons may dynamically control mRNA regulatory elements needed for plasticity.
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Figure 1. Expression of EJC components in dorsal striatum of rats engaged in spatial
exploration for 5 min
(A) Mean expression (arbitrary gray value) of eIF4A3 mRNA (± SEM; n=4-10/group) in
dorsal striatum analyzed via radioactive in situ hybridization histochemistry and expressed
as a percent of basal values in caged control (CC) animals. Rats in the CC group were
sacrificed immediately upon removal from their home cage. Rats in the remaining groups
explored a novel spatial environment (see Methods) for 5 min and were then either
sacrificed immediately (“5 min” group) or returned to the home cage for 25 min before
sacrifice (“30 min” group); or 55 min before sacrifice (“60 min” group). *Significantly
different from CC (p=0.03). (B) Mean expression (arbitrary gray value) of Magoh mRNA (±
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SEM; n=4-7/group) in dorsal striatum analyzed via radioactive in situ hybridization
histochemistry and expressed as a percent of basal values in CC animals. (C) A sense
ribonucleotide probe for eIF4A3 gave no signal. (D) Striatal section from a CC rat labeled
with the anti-sense ribonucleotide probe for eIF4A3.. (E) Striatal section from a “30 min”
group rat labeled with the anti-sense ribonucleotide probe for eIF4A3.
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Figure 2. Expression of EJC components in dorsal hippocampus of rats engaged in spatial
exploration for 5 min
(A-D) Mean expression (arbitrary gray value) of eIF4A3 mRNA (± SEM; n=4-10/group) in
the CA1 (A), CA3 (B), upper blade of the dentate gyrus (DGub; C), and lower blade of the
dentate gyrus (DGlb; D) subregions of dorsal hippocampus analyzed via radioactive in situ
hybridization histochemistry and expressed as a percent of basal values in caged control
(CC) animals. *Significantly different from CC. (E-H) Mean expression (arbitrary gray
value) of Magoh mRNA (± SEM; n=10/group) in CA1 (E), CA3 (F), DGub (G), and DGlb
(H) analyzed via radioactive in situ hybridization histochemistry and expressed as a percent
of basal values in CC animals.
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Figure 3. Expression of eIF4A3 protein in dorsal striatum of rats engaged in spatial exploration
for 5 min
(A) Mean (± SEM, n=4-10/group) eIF4A3 protein distribution in dorsal striatum measured
as percent of total image area with signal (i.e. percentage of total pixel area in the field with
eIF4A3-labeled pixels). *Significantly different from caged controls (CC; p<0.01). (B)
Signal intensity (average gray area), expressed as mean percent of control (± SEM, n=4-10/
group), of eIF4A3 protein-labeled pixels in dorsal striatum *Significantly different from CC
(p=0.02). (C) Significant inverse correlation (p<0.05) between percent of total field with
eIF4A3 protein signal above threshold and the average signal intensity (mean gray value) of
the labeled.
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Figure 4. Arc mRNA colocalizes with eIF4A3 protein in vivo following response-reversal learning
on a T-maze
(A) Representative photomicrograph of Arc mRNA in situ hybridization histochemical
staining (red) and eIF4A3 protein immunofluorescence (green) in dorsal striatum of a rat
sacrificed 5 min after reaching criterion on a striatally-mediated, response-reversal learning
task (see Methods). Scale bar = 20 μm. (B-E) Higher magnification images of the region
delineated in the box in (A) showing colocalization of eIF4A3 protein expression and Arc
mRNA colocalization (B) and the individual channels for the DAPI nuclear counter stain
(C), Arc mRNA (D), and eIF4A3 protein (E). Arrows highlight points of colocalization of
Arc mRNA and eIF4A3 signal.. Scale bar in B-E = 2 μm.
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Figure 5. Expression of eIF4A3 mRNA in the brains of rats undergoing response-reversal
learning
(A) Rats trained to perform on a response-reversal learning task on a T-maze showed
significant increases in eIF4A3 mRNA expression in the dorsomedial (DM) and dorsolateral
(DL) striatum compared to caged control (CC) rats (n = 11 per group). *Significantly
different from CC (p=0.0001). (B-G) Degree of correlation between behavioral performance
(trials to criterion) on the response-reversal task and eIF4A3 mRNA expression (average
gray value from densitometric analysis) in DM striatum (A), DL striatum (B), CA1 of dorsal
hippocampus (C), CA3 of dorsal hippocampus (D), upper blade of dentate gyrus (DGub; E),
and lower blade of dentate gyrus (DGlb; F). *Significant correlation (p<0.05).
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