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Sustained Arc/Arg3.1 Synthesis Controls Long-Term
Potentiation Consolidation through Regulation of Local
Actin Polymerization in the Dentate Gyrus In Vivo

Elhoucine Messaoudi, Tambudzai Kanhema,* Jonathan Soulé,* Adrian Tiron,* Girstaute Dagyte, Bruno da Silva, and
Clive R. Bramham
Department of Biomedicine and Bergen Mental Health Research Center, University of Bergen, N-5009 Bergen, Norway

New gene expression is necessary for long-term potentiation (LTP) consolidation, yet roles for specific activity-induced mRNAs have not
been defined. Here we probed the dynamic function of activity-induced Arc (activity-regulated cytoskeletal-associated protein)/Arg3.1
(activity-regulated gene 3.1 protein homolog) mRNA using brief, local infusions of antisense (AS) oligodeoxynucleotides at multiple time
points during dentate gyrus LTP in vivo. Surprisingly, early Arc synthesis is necessary for early expression of LTP, whereas sustained
synthesis is required to generate stably modified synapses. AS application 2 h after LTP induction results in a rapid and permanent
reversal of LTP. This reversal is associated with rapid knockdown of upregulated Arc, dephosphorylation of actin depolymerization
factor/cofilin, and loss of nascent filamentous actin (F-actin) at synaptic sites. Infusion of the F-actin stabilizing drug jasplakinolide
during LTP maintenance blocks the ability of AS to reverse LTP. These results couple activity-induced expression of Arc to expansion of
the actin cytoskeleton underlying enduring LTP. Furthermore, Arc synthesis is required for both the induction and consolidation of LTP
elicited by local BDNF infusion, thus identifying Arc as a key molecular effector of BDNF in synaptic plasticity.
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Introduction

Activity-dependent changes in synaptic strength are implicated
in a range of adaptive brain responses, including memory forma-
tion, mood stability, and drug addiction (Hyman et al., 2006;
Kuipers and Bramham, 2006; Morris, 2006; Nestler and Carle-
zon, 2006). Persistent changes in synaptic strength, as seen during
long-term potentiation (LTP), require new gene expression and
protein synthesis (Frey et al., 1996; Nguyen and Kandel, 1996;
Bliss et al., 2007). The classical distinction between early- and
late-phase LTP is based on the sensitivity of the latter to broad-
spectrum inhibitors of gene expression and protein synthesis.
However, the function of individual mRNA species in the process
of LTP consolidation is not well understood. LTP is associated
with the induction of a variety of immediate early genes, and
knock-outs of several of these genes, including the zinc-finger
transcription factor zif268/egr1 (early growth response 1), tissue
plasminogen activator, and Arc (activity-regulated cytoskeleton-
associated protein) [also known as Arg3.1 (activity-regulated
gene 3.1 protein homolog)], have defects in LTP maintenance
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and/or memory consolidation (Huang et al., 1996; Jones et al.,
2001; Plath et al., 2006). Although gene deletion and knockdown
studies give insight into overall gene function, alternative meth-
ods are required to resolve the dynamic actions of activity-
induced mRNAs after LTP induction.

A specialized role of Arc in synaptic plasticity is implied by the
fact that Arc mRNA is rapidly transported to dendritic processes
in which it undergoes local translation (Link et al., 1995; Lyford et
al., 1995; Steward and Worley, 2001a). Here, we used brief, local
infusions of Arc antisense oligodeoxynucleotides (AS-ODNs) to
delineate the function of newly induced Arc mRNA during LTP
in the dentate gyrus of anesthetized rats. We show that Arc syn-
thesis defines a novel time window in LTP maintenance, during
which early Arc synthesis is necessary for expression of LTP,
whereas sustained synthesis is required to generate stably modi-
fied synapses. In addition to de novo gene expression, recent work
suggests that LTP consolidation requires actin polymerization-
dependent expansion of the postsynaptic density (PSD) and den-
dritic spine (Fukazawa et al., 2003; Matsuzaki et al., 2004; Zito et
al., 2004). Arc is known to cosediment with crude filamentous
actin (F-actin) and localize to the PSD of excitatory synapses
(Lyford et al., 1995; Husi et al., 2000; Donai et al., 2003; Plath et
al., 2006). Here, we show that acute inhibition of Arc synthesis at
2 hafter LTP induction induces loss of nascent F-actin at synaptic
sites and dephosphorylation of cofilin, a major regulator of actin
dynamics. Thus, Arc couples two central tenets of LTP consoli-
dation: activity-induced gene expression and regulation of local
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actin polymerization. Several lines of evidence suggest that LTP
consolidation is activated by the secretory peptide brain-derived
neurotrophic factor (BDNF) (Bramham and Messaoudi, 2005).
We report that Arc synthesis is necessary for the induction and
time-dependent consolidation of LTP elicited by BDNF applica-
tion, thus identifying Arc as a molecular effector for BDNF in
synaptic plasticity.

Materials and Methods

Electrophysiology and intrahippocampal infusion. Data were obtained
from 189 male Sprague Dawley urethane-anesthetized (1.4-1.8 g/kg,
i.p.) rats weighing 250—320 g. Stereotaxic coordinates relative to bregma
were 7.9 mm posterior, 4.2 mm lateral for stimulation, 3.9 mm posterior,
and 2.2 mm lateral for recording. An outer (guide) cannula (24 gauge;
Plastics One, Roanoke, VA) was beveled sharp at the tip to facilitate tissue
penetration. A Teflon-coated stainless steel wire recording electrode
(coated diameter of 112 wm) was glued (cyanoacrylate, Mega-G base;
Mega Metal, Oslo, Norway) to the shaft of the outer cannula. The elec-
trode was then cut so that it extended 900 um from the end of the
cannula. A concentric bipolar stimulating electrode (tip separation, 500
pm; SNEX 100; Rhodes Medical Instruments, Woodland Hills, CA) was
lowered into the dorsomedial aspect of the angular bundle for stimula-
tion of the medial perforant path. After making a small slit in the dura,
the guide cannula and attached recording electrode was slowly lowered
into the dorsal hippocampus until a positive-going field EPSP (fEPSP) of
maximum slope was obtained in the dentate hilus. The final depth of the
recording electrode ranged between 200 and 300 wm below the level of
the maximum negative-going fEPSP sink recorded in the middle third of
the dentate molecular layer. An inner infusion cannula (31 gauge) was
then inserted so that it protruded 300 wm below the end of the guide. The
tip of the infusion cannula was located in deep stratum lacunosum-
moleculare of field CAl, 700 wm above the hilar recording site and
300—400 wm above the medial perforant synapses.

Biphasic rectangular pulses of 150 s duration were applied every 30 s
throughout the experiment. The stimulation intensity for test pulses was
set to elicit a population spike amplitude of 30% of the maximal re-
sponse. The infusion cannula was connected via PE50 polyethylene tub-
ing to a 5 ul Hamilton syringe. Solutions were delivered by an infusion
pump at a rate of 80 nl/min. BDNF-LTP was induced by infusing BDNF
(2 pg in 2 pl of PBS) for 25 min. The paradigm for high-frequency
stimulation (HFS)-LTP induction consisted of eight pulses at 400 Hz,
repeated four times, at 10 s intervals. Three sessions of HFS were given at
intervals of 5 min.

Signals from the dentate hilus were amplified, filtered (1 Hz to 10
kHz), and digitized (25 kHz). Acquisition and analysis of field potentials
were accomplished using DataWave Technologies (Longmont, CO)
WorkBench software. The maximum slope of the fEPSP and the ampli-
tude of the population spike measured from its negative-going apex to
the tangent line joining the first two positive peaks were measured, and
averages of four consecutive responses were obtained. ANOVA for re-
peated measures followed by a post hoc Schefté’s test was used for statis-
tical analysis of group effects. Statistics were based on values obtained
during the 5 min at the end of baseline and at the end of postinfusion
recording.

Oligodeoxynucleotides. Chimeric ODNs containing phosphorothioate
linkages between the three bases on the 5 and 3’ ends and phosphodi-
ester internal linkages were synthesized, HPLC purified, ultrafiltrated,
and sterilized (Biognostik, Gottingen, Germany). The main Arc AS-
ODN used was directed against a 20-mer sequence (bases 209-228) cov-
ering the Arc start site. Scrambled (SC) Arc ODN containing the same
base composition in randomized order served as control. A second AS-
ODN targeting a nonoverlapping region of the Arc coding region (bases
943-960) was designed and manufactured by Biognostik. ODNs did not
contain motifs such as G-quartets, kinase domains, or zinc fingers, and
search of the European Molecular Biology Laboratory databases revealed
no potential off-target genes (with significant homology and open sec-
ondary structure).

Drugs and antibodies. Human recombinant met-BDNF (a gift from
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Amgen—Regeneron Partners, Tarrytown, NY) was obtained as a concen-
trated stock solution (1.0 mg/ml) in PBS (150 mm NaCl, 10 mM sodium
phosphate buffer, pH 7.0, and 0.004% Tween 20). Jasplakinolide was
dissolved in DMSO. Cycloheximide and anisomycin (Sigma, St. Louis,
MO) were dissolved in saline, and the anisomycin solution was adjusted
topH 7.4

Primary antibodies used for immunoblotting were as follows: Arc N
terminus (E-19: sc-6382 goat polyclonal IgG, 1:100; Santa Cruz Biotech-
nology, Santa Cruz, CA), Arc amino acids 1-300 (H300, sc-15325, rabbit
polyclonal, 1:200; Santa Cruz Biotechnology), B-actin (clone AC-15,
mouse monoclonal, 1:5000; Sigma), a-subunit of calcium/calmodulin-
dependent protein kinase II (a-CaMKII) (clone 6G9, mouse monoclo-
nal, 1:2000; Affinity BioReagents, Golden, CO), PSD-95 (mouse IgG1,
1:500; BD Transduction Laboratories, Lexington, KY), phospho-cofilin
(Ser-3) (sc-12912, 1:1000; Santa Cruz Biotechnology), cofilin (C-8736,
1:1000; Sigma), gelsolin (C-20, 1:200; Santa Cruz Biotechnology),
profilin-1 (N-20, 1:200; Santa Cruz Biotechnology), a-spectrin (AB992,
1:200; Chemicon, Temecula, CA).

Tissue microdissection and sample preparation. At the end of electro-
physiological recording, rats were decapitated, and the brain was re-
moved and rinsed with oxygenated ice-cold artificial CSF (in mm: 124.0
NaCl, 25.0 NaHOC;, 10.0 p-glucose, 3.4 KCI, 1.2 KH,PO,, 1.0 MgSO,,
and 2.5 CaCl,, pH 7.4). The hippocampus was then removed, and the
dentate gyrus was resected on ice. The entire procedure took <5 min.
Tissues were hand homogenized with 15 strokes in 300 ul of Dynal (Oslo,
Norway) lysis/binding buffer.

SDS-PAGE and Western blotting. Protein levels in homogenate sam-
ples were determined using the Lowry method. Equal amounts of protein
were loaded onto SDS-PAGE gels (10%) and run overnight at constant
10 mA. Separated proteins were transferred to a nitrocellulose mem-
brane (Hybond-C; GE Healthcare, Little Chalfont, UK) at a constant
voltage of 30 V overnight or 100 V for 1 h. Membranes were blocked on
a gyro-rocker for 1 h at room temperature (RT). Blocking buffer (BB)
consisted of TBST (Tris-buffered saline/0.1% Tween 20) and 5% BSA.
For a-CaMKII, membranes were blocked 1 h at 37°C. The primary anti-
bodies were dissolved in BB containing 3% BSA, and the blots incubated
for 2 h at RT or 4°C overnight with constant shaking. After three washes
with TBST, blots were incubated for 1 h in horseradish peroxidase-
conjugated secondary antibody dissolved in TBST. The blots were
washed three times with TBST, and proteins were visualized using en-
hanced chemiluminescence (ECL Western Blotting Analysis System; GE
Healthcare). Blots were stripped with 100 mm 2-mercaptoethanol, 2%
SDS, and 62.5 mum Tris-HCI, pH 6.7, at 60°C for 1 h and reprobed with
another antibody detecting the protein of interest. Optical density values
obtained from the AS-treated dentate gyrus were normalized relative to
values in the scrambled-treated or contralateral dentate gyrus. Statistical
analyses were based on unpaired or paired ¢ tests as appropriate.

Preparation of sections. Animals were transcardially perfused with 4%
paraformaldehyde in 0.1 M phosphate buffer (PB). Brains were dissected
and postfixed in the fixative overnight at 4°C and subsequently washed in
PB containing 8% dextrose and 0.1% sodium azide. Coronal vibratome
sections (50 wm thick) were stored in 0.1% sodium azide in PB at 4°C.
The same sections were used for in situ hybridization and
immunohistochemistry.

In situ hybridization. RNA probes were prepared from a cDNA insert
matching the first 2975 nucleotides of the Arc mRNA (GenBank acces-
sion number NM_019361) cloned into the pCRII-TOPO vector (Invitro-
gen, Oslo, Norway). Antisense and sense probes were transcribed from
linearized plasmids using T7 and SP6 polymerase in the presence of
digoxigenin (DIG) labeling mix according to the instructions of the man-
ufacturer (Roche, Indianapolis, IN).

Floating sections were placed in PBS for 5 min, permeabilized with
proteinase K (10 wg/ml) for 5 min at 37°C, and postfixed (5 min with 4%
paraformaldehyde/PBS). After fixation, sections were treated with 0.25%
aceticanhydride in 0.1 M triethanolamine, pH 8, for 10 min, washed twice
in 2X SSC, and placed for 10 min in a prehybridization buffer. Probes
were applied to the sections, and hybridization was performed in a hu-
midified chamber at 60°C for at least 16 h. Sections were washed twice
with 2X SSC at RT for 30 min, once with 50% formamide in 2X SSC at
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65°C, rinsed in 2X SSC at 37°C, incubated with 20 ug/ml RNase A at
37°C for 30 min, and incubated in RNase A buffer for at 65°C for 30 min.
After blocking in 2% blocking reagent for 1 h at RT, alkaline
phosphatase-coupled anti-DIG antibody (1:2000; Roche) was applied.
Visualization was done with the chromogenic substrates nitroblue-
tetrazolium-chloride and 5-bromo-4-chlor-indolyl-phosphate (Roche).
Pictures were taken on a Nikon (Tokyo, Japan) Eclipse 80i microscope
coupled to a Nikon DS-5M camera.

Immunohistochemistry. Sections were first treated with PB containing
100 mm glycine (Sigma), then washed in PBT (0.1% Tween 20 in PB),
incubated in 0.3% H,0O, diluted in PBT, permeabilized for 20 min with
0.5% Triton X-100 diluted in PBT, rinsed, and immersed for 30 min in
blocking buffer (4% BSA and 5% horse serum in PBT). They were then
incubated overnight at 4°C with the primary antibody diluted in blocking
buffer. After three washes in PBT, biotinylated secondary antibody was
applied for 1 h at RT. Sections were then washed in PBT, incubated in
streptavidin—-HRP diluted in PBT, washed in TBS, and finally processed
for DAB staining.

Arc primary antibodies were H300 and a mouse anti-Arc monoclonal
antibody from BD Biosciences (San Jose, CA) (catalog #612602) raised
against amino acids 1-300 and 264 —385 of the Arc protein, respectively.
Secondary antibodies were biotin-conjugated anti-rabbit or anti-mouse
Ig (GE Healthcare). Streptavidin-conjugated HRP was obtained from GE
Healthcare; diaminobenzidine (1 mg/ml; Sigma) was diluted in 0.1 m
Tris-buffered saline containing ~0.03% H,O,.

In vitro expression of Arc protein. The Arc coding region was amplified
by PCR from rat hippocampal cDNA and cloned into the pcDNA3.1/V5—
His TOPO TA vector (Invitrogen). The resulting construct (pcDNA3.1/
Arc-V5-His) was transfected into human embryonic kidney HEK293FT
cells using Lipofectamine 2000 (Invitrogen) according to the recommen-
dations of the manufacturer. After 16 h at 37°C, the cells were lysed in
radioimmunoprecipitation assay buffer and centrifuged. The superna-
tant was then collected and processed for protein quantification using the
BCA protein assay kit (Diagen, Rygge, Norway). Arc expression was
detected by Western blotting using the same antibodies as for immuno-
histochemistry. Transfection control was achieved using pcDNA3.1/
V5His—-TOPO/LacZ vector (Invitrogen).

Phalloidin staining. Sections were incubated in PBT containing 100
mu glycine (Sigma), washed with PBT, permeabilized in PBT containing
0.5% Triton X-100, and rinsed three times for 10 min. They were then
incubated for at least 30 min with phalloidin—-FITC (0.1 pg/ml; Sigma)
diluted in PBT containing 4% BSA and 2% horse serum. After several
washes, sections were mounted in Vectashield (Vector Laboratories,
Burlingame, CA). Pictures were acquired on a Zeiss (Oberkochen, Ger-
many) Axiolmager microscope.

Quantification of staining. Images were obtained from the mid-dorsal
dentate gyrus within ~300 wm of the recording site. Arc mRNA and Arc
protein staining was quantified using Nikon NIS-Elements AR software.
Optical density was measured along the shortest line extending from the
inner molecular layer to the hippocampal fissure and normalized to
background staining in stratum radiatum of CAl. Measurements were
obtained at three sites along the inner blade of the dentate gyrus and
averaged. Ipsilateral values were then normalized to contralateral con-
trol. Phalloidin—FITC intensity was measured in 15 pm steps across the
molecular layer using NTH Image] software. Optical density values from
10 neighboring pixels were averaged and normalized relative to a refer-
ence area in CAl.

Results

Dynamic role of Arc in LTP expression and consolidation

Arc AS-ODN targeting the Arc start site (bases 209-228) was
used to inhibit Arc synthesis during LTP induction at medial
perforant path—granule cell synapses in anesthetized rats. To se-
lect optimal time points for AS delivery, we first examined ex-
pression of Arc mRNA and protein (Fig. 1). LTP was induced by
spaced stimulation consisting of three sessions of HFS (400 Hz,
eight pulses) with 5 min between sessions. LTP was associated
with a rapid and sustained elevation of Arc mRNA and protein, as
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Figure 1.  Time course of changes in Arc mRNA and protein expression after LTP induction in

the dentate gyrus. Arc in situ hybridization (ISH) and immunohistochemistry (IHC) were per-
formed at five time points after high-frequency stimulation of the medial perforant pathway.
The high-frequency stimulation consisted of three sessions of 400 Hz bursts separated by 5 min
(10 min total duration). Controls received no electrode implantation (CON) or electrode implan-
tation and low-frequency test stimulation only (LFS). A, Representative images at each time
point (in minutes after HFS). n = 4 5 at each time point. B, Quantitative analysis of staining in
the dentate molecular layer. Optical density was measured in the molecular layer of the inner
blade of the dentate gyrus. Changes in optical density on the ipsilateral LTP side are normalized
to contralateral control values. Values are mean = SEM.

assessed by in situ hybridization histochemistry and immunohis-
tochemistry performed at various time points (5 min, 30 min, 2 h,
3 h, and 4 h) after completing HES (Fig. 1). Controls received
low-frequency test pulse stimulation and were killed after base-
line recording. At 5 and 30 min after HFS, Arc mRNA and protein
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staining were already increased in the gran-
ule cell layer and into the dendritic field
(molecular layer) of the dentate gyrus. At
2 h after HFS, Arc mRNA and protein ex-
pression reached a plateau, where it re-
mained at 3 and 4 h, the intense staining
filling the entire molecular layer. A similar
pattern of enhanced Arc immunostaining
was obtained with two antibodies recogniz-
ing different portions of the Arc protein
(supplemental Fig. S1, available at www.
jneurosci.org as supplemental material).
When Arc was overexpressed in HEK293
cells, these antibodies recognized a bold
single band that was absent in control cul-
tures (supplemental Fig. S1, available at
www.jneurosci.org as supplemental material).

Based on the large increases in Arc
mRNA and protein at 2 h after HFS, we
selected this time point for application of
Arc AS. Infusions (1 ul, 12.5 min) were
made into deep stratum lacunosum-
moleculare of CAl, ~300 wm from the
nearest medial perforant path synapses in
the upper blade of the dentate gyrus. As
shown in Figure 2A, Arc AS applied 2 h
after HFS led to a rapid and profound re-
versal of ongoing LTP. Potentiated fEPSPs
declined to a stable baseline level within 60
min, where they remained for the duration
of recording (at least 2 h). In striking con-
trast, infusion of Arc AS 4 h after HFS (Fig.
2B) had no effect on LTP maintenance,
demonstrating the time sensitivity of the
AS effect. Infusion of control, SC Arc ODN
at the critical 2 h time point was also with-
out effect (Fig. 2C). In addition, Arc AS
treatment in the absence of HFS had no
effect on basal synaptic efficacy (Fig. 2D).
Throughout this study, effects on the fEPSP
slope were paralleled by similar changes in
the amplitude of the population spike. To
rule out possible spurious off-target effects
of the AS sequence, we examined the effect
of a second AS-ODN targeting a nonover-
lapping 18 nucleotide sequence of the Arc
coding region (bases 943-960). Infusion of
this AS sequence 2 h after HFS similarly
resulted in rapid inhibition of LTP (Fig.
2 E). These convergent physiological effects
of AS treatment indicate inhibition of Arc
synthesis as the mechanism of action.

The efficacy and specificity of the Arc pro-
tein knockdown was assessed by quantitative
immunoblot analysis. Arc AS was infused 2 h
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Figure 2.  Arc antisense infusion 2 h after high-frequency stimulation blocks LTP consolidation. Time course plots show

changes in the medial perforant path-evoked fEPSP slope expressed in percentage of baseline. Values are means = SEM. HFS is
indicated by the arrow. Infusion of Arc AS- and SC-ODN are indicated by filled and open bars, respectively. A, Top, LTP mainte-
nance was rapidly and persistently inhibited after local infusion (1 l, 0.5 mm, 12.5 min) of Arc AS-ODN at 2 h after HFS. Bottom,
Averaged field potentials traces (4 sweeps) collected at the end of baseline recording (Baseline), immediately before AS infusion
(Post-HFS), and at the end of recording (Post-AS). Calibration: 5 mV, 2 ms. B, Arc AS-ODN infusion 4 h after HFS had no effect on
LTP maintenance. C, Infusion of SCArc ODN 2 h after HFS had no effect on LTP maintenance. D, Arc AS infusion had no effect on
basal synaptic efficacy. E, Infusion of a second AS sequence (AS2) targeting a nonoverlapping region of the Arc mRNA similarly
reversed ongoing LTP (n = 5). F, Magnitude of fEPSP slope changes. n = 5—8 in all groups. *p << 0.05, significantly different
from baseline. G, LTP reversal is coupled to specific knockdown of Arc protein. Quantification of Western blots from dentate gyrus
homogenates. Tissue was collected at the end of the experiments shown in Aand C. Expression of Arc, but not B-actin, c-CaMKI,
or PSD-95, were significantly reduced in AS-treated rats (*p << 0.05). Representative immunoblots: + indicates infused dentate
gyrus, and — indicates contralateral, non-infused dentate gyrus.

after HFS, and homogenates of microdissected dentate gyrus were
collected 2 h later. Arc protein expression in the AS-treated group
was significantly reduced to 55 * 10% of SC-treated control (Fig.
2G). A panel of proteins was chosen to evaluate the specificity of the
Arc knockdown. mRNA encoding a-CaMKII is stored in dendrites,
and local translation of this message affects the size of the PSD and
development of late LTP (Miller et al., 2002; Havik et al., 2003). The
scaffolding protein PSD-95 is part of the core PSD complex of exci-

tatory synapses, in which it colocalizes with Arc and CaMKII (Lyford
etal., 1995; Husi et al., 2000; Moga et al., 2004). 3-Actin serves as a
loading control but is also of interest because Arc cosediments with
crude F-actin (Lyford etal., 1995). AS treatment 2 h after HFS had no
effect on the expression of these proteins relative to SC-treated con-
trol (Fig. 2G). Thus, reversal of LTP by Arc AS is coupled to specific
knockdown of Arc protein expression.

These results indicate that Arc synthesis at 2 h is critical for



Messaoudi et al. ® Arc Function and Mechanism in LTP

J. Neurosci., September 26, 2007 - 27(39):10445—10455 = 10449

A B induction, and (3) late Arc synthesis is re-
§ 80 e - % a0 quired for LTP consolidation.
Ef'—'” 40 ¥ a0
g 2 LTP reversal is coupled to rapid
s 0 8 |ee—— .
S :\.s * S s 4 knoclfd(.)wn of induced Arc mRNA and
T 0T 0 20 a0 400 500 B T 120 160 200 protein in dentate granule cells
Time, min Time, min In view of the critical role for late Arc syn-
thesis in LTP consolidation, we focused
C D our additional analysis on the 2 h time
o 80 2809 4 3 3 4 point after HFS. In situ hybridization and
i i i immunohistochemistry were performed
& ) V to evaluate the cellular localization, mech-
g 5 °™ans anism, and speed of the Arc knockdown.
=, 2 4 T | | Figure 4 shows changes in Arc mRNA and
0 40 80 120 180 200 240 0 40 B0 120 160 200 240 280 320 L\ vein expression in experiments in
Time, min RS which Arc AS- or SC-ODN was infused 2 h
E after HFS, and brains were collected 1 h
& & . n ) N later, at which time LTP was significantly
& f‘"‘»" \ ‘.‘H "‘ﬂ. N \ I\"" \ inhibited in all rats. In SC-infused rats,
g it | SE———— J \ i) \I‘ \ i * “-\ ) ,‘|‘| \ HES resulted in robust induction of Arc
B {emm— AT R T mRNA in the granule cell layer and
3 b ! : ? * throughout the molecular layer of the
070 40 80 120 160 200 240 dentate gyrus. As shown in Figure 4 A, the
Time, mln LTP-associated increase in Arc mRNA ex-
F pression was strongly inhibited in time-
o a0 * - % 1 'llms"t":s matched, AS-treated rats. The knockdown
£ £ AS of newly induced Arc mRNA was observed
B 20 'g"é 40 sc (M| in both blades of the dentate gyrus in all
g 22 3 h post-HFS experiments (five of five). This rapid loss
= 0 0 A [ of mRNA staining indicated effective AS-
E ; : P"s":';s s¢ [— —] mediated degradation of newly induced,
postHFS dendritically transported Arc transcripts.
Figure3. Arcantisense transiently inhibits early LTP expression. A, B, Nondecremental LTP of fEPSPs was induced when Arc AS In contrast, expression of dendritically

was infused 90 min (A) or 15 min (B) before HFS. C, D, Infusion of Arc AS 5 min before HFS (C) or 15 min after HFS (D) resulted in
transient suppression of LTP. D, Bottom, Averaged field potentials traces (4 sweeps) collected at the time points indicated in the
LTP plot. E, Nondecremental LTP was observed in SC-treated controls. F, Bar graphs show changes in fEPSP and Arc protein
expression inrats infused with Arc AS 5 min before HFS. Values for both were unchanged at 1 h (reversal) and significantly elevated
at 3 h (recovery) after HFS ( p << 0.05). fEPSP is expressed in percentage of baseline. Arc protein immunoreactivity on Western
blots is expressed as percentage of contralateral control. n = 6 — 8 in all groups. Representative Western blots are shown at right.

LTP consolidation. Next we sought to determine the onset and
possible early contribution of Arc synthesis to LTP. When Arc AS
was applied 90 or 15 min before HFS, nondecremental LTP of
fEPSPs was obtained (Fig. 3 A, B). The lack of effect of AS infusion
at these time points suggested that the concentration of AS-ODN
dropped below a critical level needed to target the massive in-
crease in Arc mRNA after HFS. Corroborating this, LTP was
rapidly inhibited when AS was applied 5 min before HFS (Fig.
3C). fEPSP slope values started to decline within 5 min after HES
and reached a maximum trough at ~1 h. Surprisingly, however,
the response returned to the original level of enhancement by 3 h
after HFS (Fig. 3C,F). The same pattern of transient inhibition of
LTP was observed when AS was given 15 min after HFS, showing
that the effect is not attributable to perturbation of LTP induction
(Fig. 3D). Rats receiving SC-ODN 5 min before HES had nondec-
remental LTP, and the size of the fEPSP increase recorded imme-
diately after HFS and 3 h after HFS was not significant differently
from the AS group (Fig. 3E) ( p > 0.05). Finally, inhibition and
recovery of LTP expression was paralleled by inhibition and re-
covery of enhanced Arc protein expression (Fig. 3F). Together,
these results suggest that (1) early Arc synthesis is necessary for
early LTP expression but not LTP consolidation, (2) Arc synthe-
sis critical to LTP is sustained, lasting between 2 and 4 h after LTP

stored a-CaMKII mRNA was unaffected
by AS infusion (Fig. 4 B). The effects of Arc
AS on immunohistochemical staining of
the Arc protein matched those of the Arc
mRNA (Fig. 4C). Quantitative densito-
metric analysis showed a significant 49%
reduction in Arc protein immunostaining
in the dentate molecular layer of AS-treated rats relative to the
SC-treated control group. Thus, AS-induced reversal of LTP is
associated with rapid inhibition of Arc synthesis from newly in-
duced, dendritically transported Arc mRNA.

Late Arc synthesis is required for stabilization of F-actin
during LTP

Recent work suggests that development of stable LTP involves
actin polymerization-dependent remodeling of dendritic spines
(Fukazawa et al., 2003; Matsuzaki et al., 2004; Zito et al., 2004).
We examined a role for late Arc synthesis in this process using
fluorescently labeled phalloidin to visualize changes in F-actin
content. In agreement with Fukazawa et al. (2003), LTP was ac-
companied by enhanced phalloidin staining within a narrow
band corresponding to the termination zone of medial perforant
path synapses in the middle molecular layer of the dentate gyrus
(Fig. 5A). This band of phalloidin staining appeared within 5 min
of HFS and remained constant during 4 h of recording (time
course shown in supplemental Fig. S2, available at www.
jneurosci.org as supplemental material). Rats receiving SC infu-
sions 2 h after HFS exhibited a clear band of phalloidin staining
that was absent in time-matched AS-treated rats (Fig. 5A, bottom
right panels). Densitometric analysis of the staining confirmed a
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Figure4. LTPreversal is coupled to rapid knockdown of upregulated Arc mRNA and protein
expression. Arc AS- or SC-ODN was infused 2 h after LTP induction, and the brain was fixed by
transcardial perfusion 1 h later. A, Coronal sections processed for in situ hybridization using a
digoxigenin-labeled Arc riboprobe show robust upregulation of Arc mRNA in granule cell so-
mata and dendritesin SC-treated controls. Arc mRNA expression was strongly inhibited after Arc
AS treatment. The bottom right panels show high-magnification images of AS-treated and
SC-treated dentate gyrus. CON, Contralateral nontreated dentate gyrus. These are representa-
tiveimages based on five experimentsin each treatment group. Images were obtained from the
mid-dorsal dentate gyrus within ~300 wm of the recording site. B, c-CaMKIl mRNA expres-
sion in Arc AS-treated and contralateral dentate gyrus. €, Arcimmunohistochemical staining.
Arc expression in dentate molecular and granule cell layer was reduced in AS-treated rats rela-
tive to time-matched, SC-treated control. High-magnification images of Arc staining at 60 and
30 min after AS or SCinfusion at 2 h after HFS are shown in the bottom right panels. The bar
graph shows the quantitative analysis of immunohistochemical staining in the dentate molec-
ular layer at the 1 h time point. Optical density measurements were obtained along a line
extending across the molecular layer of the inner blade of the dentate gyrus and normalized to
background staining in stratum radiatum of CA1. Changes in Arc protein expression after AS
treatment are normalized to SC-treated control. *p << 0.05.

peak corresponding to the middle molecular layer in SC-treated
controls that was lacking in AS-treated animals (Fig. 5B). This
suggested that late Arc synthesis is necessary for consolidation of
LTP and stabilization of F-actin at synaptic sites. Finally, we
found that longer sessions of HFS (400 Hz, eight-pulse bursts
given every 10 s for 2 h; 7680 stimulus pulses total) produce a
qualitatively similar but more intense phalloidin band (Fig. 5C).
This is noteworthy because such stimulation protocols are effec-
tive in localizing Arc mRNA to activated synapses (Steward and
Worley, 2001b).

Next we asked whether F-actin stabilization mediates Arc-
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Figure5. Late Arcsynthesisisrequired to stabilize F-actin during LTP. Arc AS- or SC-ODN was

locally infused 2 h after HFS, and the brain was fixed by transcardial perfusion 1 h later. Coronal
sections were stained with phalloidin—FITC. 4, Top left, A band of phalloidin staining specific to
the termination zone of the medial perforant path was observed in the dentate gyrus of SC-
treated rats. Top right, Contralateral, unstimulated dentate gyrus (CON). Bottom left, Arc AS
treatment abolished the band of enhanced phalloidin staining. Bottom right, Comparison of
phalloidin staining in SC- and AS-treated rats. OML, Outer molecular layer; MML, middle mo-
lecular layer; IML, inner molecular layer; GCL, granule cell layer. Arrowheads mark phalloidin
staining in the middle molecular layer. The white bar marks the hippocampal fissure. Represen-
tative images based on four AS-treated and five SC-treated rats. The time course of phalloidin
labeling is shown in supplemental Figure 1 (available at www.jneurosci.org as supplemental
material). B, Profile of phalloidin—FITC fluorescence intensity ratio (ipsilateral/contralateral) in
rats receiving SC (gray) or AS (black) infusion. Fluorescence intensity of the phalloidin—FITC
signal was measured in 15 pum steps along the shortest line (rectangle in A) extending from 20
um above the granule cell layer border to the hippocampal fissure. Optical density values from
10 neighboring pixels were averaged. Florescence values at each pixel were normalized relative
toareferenceareain CAT(smallboxinA). Values obtained at three sites along the dentate gyrus
inner blade were averaged, and group means were obtained. All sections were from within 300
wm of the recording site. €, Phalloidin staining after 2 h of 400 Hz, eight-pulse bursts applied at
105 intervals. A bright, sharply demarcated band appears in the middle molecular layer of the
dentate gyrus. D, Infusion of the F-actin stabilizing agent jasplakinolide blocks the inhibitory
effect of Arc AS on LTP maintenance. Jasplakinolide (Jasp; 1 M) and Arc AS were infused at the
times indicated after HFS. Pretreatment with jasplakinolide did not affect ongoing LTP and
abolished the effect of ArcAS on LTP maintenance. fEPSP slope measurements of six consecutive
responses obtained immediately before and 10 min after jasplakinolide or Arcinfusion were not
significantly different ( p < 0.05).

dependent consolidation. If so, drug-induced stabilization of
F-actin during LTP maintenance should occlude (block) the ef-
fect of Arc AS treatment. Figure 5D shows the results of experi-
ments in which the F-actin stabilizer jasplakinolide was briefly
infused during LTP maintenance 1 h before Arc AS treatment.
Remarkably, jasplakinolide had no effect on LTP maintenance
yet completely abolished the ability of AS to reverse LTP. Jas-
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Figure 6.  Arcsynthesis is necessary to maintain hyperphosphorylation of cofilin during LTP.
A, Western blots were performed in dentate gyrus homogenates prepared 2 h after HFSand 2 h
after infusion of AS or SC Arc ODN during LTP. Cofilin phosphorylation was significantly en-
hanced during LTP, and this increase was inhibited by Arc AS treatment (*p << 0.05;n = 67
in all groups). Expression of total cofilin and other actin-associated proteins was unchanged. B,
Representative immunoblots. + indicates ODN-infused dentate gyrus; — indicates contralat-
eral, non-infused dentate gyrus.

plakinolide also had no effect on LTP maintenance duringa 2.5 h
recording period in the absence of AS application (data not
shown).

Arc synthesis maintains cofilin phosphorylation during LTP
Next we began to explore mechanisms that may couple Arc syn-
thesis to regulation of F-actin. Cofilin is a member of a highly
conserved family of actin-associated proteins that enhance actin
filament severing and increase the off rate of actin monomers
(Sarmiere and Bamburg, 2004). Phosphorylation of cofilin on
Ser-3 inhibits cofilin activity and promotes F-actin formation.
Previous work showed that cofilin phosphorylation is critical for
F-actin formation underlying late LTP (Fukazawa et al., 2003).
Here, we examined the role of ongoing Arc synthesis in the reg-
ulation of cofilin activity. LTP was associated with marked hyper-
phosphorylation of cofilin, whereas infusion of Arc AS 2 h after
LTP induction resulted in rapid dephosphorylation of cofilin
(Fig. 6A,B). Expression of total cofilin and other actin-binding
proteins connected to actin function in spines, including gelsolin,
a-spectrin, and profilin, did not change significantly after LTP
induction or AS-induced reversal of LTP (Fig. 6 B).

BDNF triggers Arc-dependent synaptic consolidation

BDNF has emerged as major regulator of excitatory synaptic
transmission and plasticity in the CNS (Blum and Konnerth,
2005; Bramham and Messaoudi, 2005). Development of
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transcription-dependent late-phase LTP after spaced HES re-
quires activation of TrkB receptor tyrosine kinase and is associ-
ated with a period of sustained BDNF release (Kang et al., 1997;
Aicardi et al., 2004). However, the molecular effector mecha-
nisms by which BDNF regulates LTP consolidation are unknown.
Exogenous application of BDNF induces a long-term potentia-
tion (BDNF-LTP) that mimics many features of late-phase LTP.
In the dentate gyrus, BDNF is transcription-dependent and asso-
ciated with induction, dendritic transport, and translation of Arc
mRNA (Messaoudi et al., 2002; Ying et al., 2002). Here, we used
Arc antisense infusion to explore a possible role for Arc in
BDNF-LTP.

Rats infused with scrambled Arc ODN before BDNF infusion
exhibited a stable fEPSP increase equivalent in magnitude to that
seen in rats receiving BDNF alone (Fig. 7A). Pretreatment with
Arc AS completely blocked BDNF-LTP induction but had no
effect on baseline synaptic efficacy (Fig. 7B). Inhibitors of RNA
synthesis or extracellular signal-regulated kinase (ERK) block
BDNF-LTP induction but have no effect when applied during
the maintenance phase of the potentiation (Messaoudi et al.,
2002; Ying et al., 2002) In striking contrast, application of Arc AS
2 h after completing BDNF infusion led to a rapid reversal of
ongoing BDNF-LTP (Fig. 7C). As seen during HFS-LTP main-
tenance, fEPSP slope values returned completely to baseline lev-
els within 1 h of AS treatment and remained at baseline for the
duration of recording. Local infusion of scrambled Arc ODN 2 h
after BDNF infusion (Fig. 7D) or treatment with Arc AS 4 h after
BDNF infusion (Fig. 7E) had no effect on the magnitude of po-
tentiation during 2 h of subsequent recording. The effects of Arc
AS on BDNE-LTP are summarized in Figure 7F.

The blockade of BDNF-LTP induction was associated with
specific knockdown of Arc expression on immunoblots (Fig. 7G).
Arc protein expression and cofilin phosphorylation were then
examined in tissue obtained after reversal of BDNF-LTP by Arc
AS infusion. Arc AS treatment 2 h after BDNF infusion signifi-
cantly reduced Arc expression and phospho-cofilin levels relative
to SC-treated control (Fig. 7H). Expression of cofilin (Fig. 7H)
and other actin binding proteins (gelsolin, a-spectrin, and profi-
lin), was unchanged. The results suggest that Arc synthesis is
required for both the induction and time-dependent consolida-
tion of BDNF-LTP.

Broad-spectrum protein synthesis inhibitors have been used
to define the traditional phases of LTP. However, dynamic func-
tions of individual mRNA species may not conform to these
phases. First, it is well known the protein synthesis inhibitors
have deleterious effects on cellular metabolism and homeostasis
(Klann and Dever, 2004; Routtenberg and Rekart, 2005). Second,
several studies of synaptic plasticity report maintained or en-
hanced synthesis of dendritically localized mRNAs [Arc,
a-CaMKII, and EF1A (elongation factor 1A)] in the presence of
protein synthesis inhibitors (Hughes et al., 1997; Steward and
Halpain, 1999; Huang et al., 2005) or during global translation
arrest (Scheetz et al., 2000; Chotiner et al., 2003). In general,
treatment with protein synthesis inhibitors before HFS cause a
slowing decaying LTP, whereas treatment during LTP mainte-
nance has no effect. We replicated these effects on LTP in the
dentate gyrus using systemic and local injection of the protein
synthesis inhibitors cycloheximide and anisomycin (supplemen-
tal Fig. S3, available at www.jneurosci.org as supplemental mate-
rial). In contrast to the sharp reversal of LTP obtained after AS-
mediated inhibition of Arc synthesis, systemic and local
administration of protein synthesis inhibitors at several time
points during the Arc window failed to inhibit LTP maintenance,
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and anisomycin injected 30 min after HFS failed
to block the increase in Arc protein expression.

Discussion

This study demonstrates a dynamic, stringent
requirement for activity-induced Arc synthesis
in LTP maintenance in the dentate gyrus in vivo.
Arc synthesis is sustained during a critical win-
dow that lasts between 2 and 4 h. Surprisingly,
early Arc synthesis is necessary for expression of
LTP, whereas late synthesis is required for LTP
consolidation.

As part of a previous study in freely moving
rats, Guzowski et al. (2000) reported that intra-
hippocampal injection of Arc AS before HES led
to a moderately faster decay of LTP over a pe-
riod of 1-5 d after HFS. This contrasts with the
robust, rapid function of Arc reported here. The
discrepancy may reflect differences in the prep-
arations used (freely moving vs anesthetized
rat) or infusion paradigms. However, the effect
of AS in the previous study is difficult to assess
in the absence of data from baseline electro-
physiological recordings before HFS. In the
present study, we sought to resolve the dynamic
function of Arc during LTP, and the specificity
and validity of AS effects were corroborated in
several ways. First, the effects of Arc AS were
strikingly dependent on the timing of AS appli-
cation during ongoing LTP. Thus, infusion of
Arc AS 2 h after LTP induction or BDNF infu-
sion completely reversed the increase in synap-
tic strength, whereas infusion at 4 h had no ef-
fect. Second, similar reversal of LTP was
obtained with a second Arc AS targeting a non-
overlapping region of the Arc coding sequence,
arguing against off target or spurious sequence-
specific effects of the AS. Third, scrambled Arc
ODN had no effect on LTP, and Arc AS did not
alter basal synaptic efficacy. Fourth, LTP rever-
sal was coupled to rapid and specific knock-
down of Arc mRNA and protein in the dentate
molecular layer as assessed by in situ hybridiza-
tion, quantitative immunohistochemistry, and
Western blotting. Finally, Arc synthesis was
coupled to a biologically compelling mecha-
nism-regulation of F-actin.

Evidence indicates that persistent LTP oc-
curs when small stubby dendritic spines are
converted into large mushroom-shaped spines
through a mechanism dependent on local actin
polymerization (Weeks et al., 2001; Fukazawa et
al., 2003; Harris et al., 2003; Matsuzaki et al.,
2004). Expansion of the PSD and spine head
may depend on a number of F-actin functions,
including tethering of receptors and signaling
complexes, trafficking of receptors, positioning
of polyribosomes, and modulation of transla-
tion factor activity (Kim and Lisman, 1999; Hal-
pain, 2000; Zhou et al., 2001; Matsuzaki et al.,
2004; Zito et al., 2004; Carlisle and Kennedy,
2005; Bramham and Wells, 2007). Fukazawa et
al. (2003) showed that LTP at medial perforant
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Arc AS blocked the induction and consolidation of BDNF-induced LTP. Time course plots show changes (means =

SEM) in the medial perforant path-evoked fEPSP slope expressed in percentage of baseline. Arc AS oligodeoxynudleotide or SCArc
sequence were infused 90 min before BDNF. 4, Robust BDNF—-LTP was induced in SC-treated rats (n = 5; p << 0.05). B, Arc AS
pretreatment abolished BONF-LTP (n = 6; p > 0.05). There was no significant difference in fEPSP slope values obtained imme-
diately before and 2 h after BDNF infusion ( p > 0.05). €, Top, Arc AS infusion at 2 h rapidly reverses ongoing BDNF-LTP (n = 5;

p << 0.05). Bottom, Averaged field potential traces (4 sweeps) collected at the times indicated (1. baseline; 2, after BONF; 3, after

AS). Calibration: 2mV, 2 ms. D, Infusion of SCArc ODN at 2 h has no significant effect on ongoing BONF-LTP (n = 5; p > 0.05).E,
Arc AS infusion at 4 h had no significant effect on BONF—LTP maintenance (n = 6; p > 0.05). F, Magnitude of fEPSP slope and
population spike changes.n = 57 inall groups. *p << 0.05. G, Quantification of Western blots from dentate gyrus homogenates.
Tissue was collected at the end of the experiments shownin Aand B. Expression of Arc, but not 3-actin, c-CaMKIl, or PSD-95, were
significantly reduced in AS-treated rats (*p << 0.05). Representative immunoblots below. + indicates infused dentate gyrus; —
indicates contralateral, non-infused dentate gyrus. H, Dentate gyrus was microdissected at the end experiments shownin Cand D,
and homogenate samples were analyzed by quantitative Western blot. Mean == SEM changes are expressed as AS-treated versus
SC-treated dentate gyrus (*p << 0.05;n = 6—7in all groups). Representative immunoblots are shown below. + indicatesinfused
dentate gyrus; — indicates contralateral, non-infused dentate gyrus.
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path synapses in vivo is associated with elevations in synaptic
F-actin lasting at least 5 weeks. Our analysis of Arc function con-
centrated on the consolidation mechanism 2 h after LTP induc-
tion, at which time Arc AS infusion stably reversed LTP and
knocked down newly induced Arc mRNA and protein. Infusion
of AS induced dephosphorylation of hyperphosphorylated cofi-
lin but abolished the nascent band of F-actin at medial perforant
path synapses. Furthermore, infusion of the F-actin-stabilizing
drug jasplakinolide blocked the Arc AS-induced reversal of LTP.
Together, these findings indicate that Arc synthesis promotes
LTP consolidation through local stabilization of F-actin. Arc thus
appears to link two core requirements of LTP consolidation: gene
expression and local actin polymerization.

The present data supports a role for sustained synthesis of
rapidly degraded Arc in LTP consolidation. First, early inhibition
of Arc synthesis blocks early but not late expression of LTP,
whereas late inhibition of Arc synthesis abolishes persistent LTP.
Second, rapid LTP reversal and recovery (in the case of early AS
application) is paralleled by inhibition and recovery of Arc ex-
pression. Although the dynamics of Arc turnover remains to be
directly studied, rapid turnover of Arc (on the order of minutes to
hours) has been reported in several in vitro studies (Yin et al.,
2002; Rao et al., 2006). Interestingly, two recent studies showed
that drugs that block proteosome-dependent degradation of pro-
teins, such as protein synthesis inhibitors, prevent formation of
stable LTP (Fonseca et al., 2006; Karpova et al., 2006). This sur-
prising observation suggested that stable LTP involves simulta-
neous rapid synthesis and degradation of proteins. One possibil-
ity is that the function of newly synthesized proteins, such as Arc,
depends on their rapid degradation and replenishment.

Recent evidence suggests that late LTP expression is mediated
by sustained activation of the atypical PKC isoform PKM({ (Ling
et al., 2006). In the dentate gyrus, pharmacological inhibition of
PKM({ reverses LTP 1 d after its induction (Pastalkova et al.,
2006). Interestingly, treatment with the F-actin destabilizing
agent latrunculin B blocks new synthesis of PKM{ (which occurs
at least partly in dendrites) and attenuates LTP maintenance
(Kelly et al., 2007). Together, this raises the tantalizing possibility
of a sequential mechanism of LTP maintenance in which Arc-
dependent stabilization of F-actin promotes PKM{ synthesis and
expression of enduring LTP.

The mechanism coupling Arc synthesis to phosphorylation of
cofilin is unknown. Arc and cofilin are both PSD proteins. Arc
also coimmunoprecipitates with PSD-95, cosediments with
crude (but not pure) F-actin, and contains spectrin homology
repeats suggestive of a structural role (Lyford et al., 1995; Husi et
al., 2000; Donai et al., 2003). Phosphorylation of cofilin on serine
3 is regulated by multiple kinases and phosphatases (Arber et al.,
1998; Yang et al., 1998; Meng et al., 2002). One of the major
cofilin kinases in neurons, Lim domain kinase (LIMK), is regu-
lated by the Rho GTPase effectors Rho kinase (ROCK) and p21-
activated kinase (PAK). Experiments showing normal LTP main-
tenance in the presence of ROCK inhibitors (A. Tiron and C. R.
Bramham, unpublished observations) places emphasis on PAK,
which both activates LIMK1 and inhibits activity of the cofilin
phosphatase slingshot (Sarmiere and Bamburg, 2004). Further-
more, recent work shows that PAK and cofilin are phosphory-
lated in dendritic spines in response to LTP-inducing stimulation
and application of BDNF (Chen et al., 2007; Rex et al., 2007).

In Arc knock-out mice, LTP is initially enhanced and then falls
quickly to baseline (Plath et al., 2006). The loss of stable LTP
resembles the effect of Arc antisense, whereas the superinduction
of LTP resembles observations in LIMK1 knock-out mice, which
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exhibit large numbers of small, actin-poor spines. Given the role
of Arc in regulation of actin polymerization, we predict that Arc
knock-outs also have small spines that cannot undergo actin-
dependent enlargement.

Recent studies performed in dissociated hippocampal neu-
rons and slice cultures have demonstrated a role for Arc in ho-
meostatic synaptic scaling of AMPA-type glutamate receptor
(AMPAR) transmission via its ability to activate a specific AM-
PAR endocytic pathway (Rial Verde et al., 2006; Chowdhury et
al., 2006; Shepherd et al., 2006). The endocytosis of AMPARs and
depression of excitatory transmission observed after Arc overex-
pression in vitro appears to be at odds with the present findings
based on acute inhibition of endogenous Arc synthesis during in
vivo LTP. Although electron microscopic analysis has revealed
transient upregulation of Arc specific to spines of medial per-
forant path synapses during LTP (Moga et al., 2004; Rodriguez et
al., 2005), it is evident from many studies that Arc protein is
upregulated throughout the dendritic arbor of adult granule cells.
Attempting to reconcile the datasets, it is conceivable that distinct
pools of Arc have distinct functions such that Arc-dependent LTP
consolidation in recently activated spines is followed by a
dendrite-wide homeostatic scaling that resets the excitability of
synaptic inputs. It seems clear that Arc plays multiple roles in
synaptic regulation.

LTP maintenance has been divided previously into early and
late phases based on the effects of general protein synthesis inhib-
itors. Because such inhibitors perturb cell metabolism and have
variable effects on the translation of some dendritic mRNAs
(Wallace et al., 1998; Steward and Halpain, 1999; Huang et al,,
2005; Routtenberg and Rekart, 2005), their actions may not ac-
curately reflect the contribution of activity-induced protein syn-
thesis to LTP. By specifically targeting Arc synthesis, we revealed
a novel dynamic in LTP maintenance of the dentate gyrus.

Endogenous BDNF signaling at glutamate synapses is critical
for formation of late-phase LTP (Bramham and Messaoudi,
2005), but the molecular mechanisms have not been resolved.
Exogenous BDNF-induced LTP provides a means to dissect these
mechanisms. BDNF-LTP in the dentate gyrus is transcription
dependent, it occludes with late LTP, and it is associated with
ERK-dependent upregulation of Arc. In the present study, we
show that BDNF-LTP is completely abolished by Arc AS treat-
ment before BDNF infusion and rapidly reversed by AS treat-
ment at 2 h (but not 4 h) after BDNF infusion. As with HFS-LTP,
Arc AS treatment selectively inhibited Arc expression and sup-
pressed phosphorylation of cofilin. Thus, the induction and
time-dependent consolidation of BDNF-LTP requires Arc
synthesis.

Rather than acting alone, Arc is likely to be part of a coordi-
nated transcriptional and translational response. A panel of genes
that are co-upregulated with Arc during BDNF-LTP and HFS—
LTP was recently identified (Wibrand et al., 2006). Several of
these genes [Narp (neuronal activity regulated pentraxin), neu-
ritin, Nedd4 WW-binding protein-4) have functions in AMPAR
clustering, excitatory synaptogenesis, and axonal guidance.
BDNF signaling also modulates the dendritic translation of Arc,
a-CaMKII, LIMKI1, and other plasticity-associated mRNAs
(Aakalu et al., 2001; Yin et al., 2002; Ju et al., 2004; Schratt et al.,
2004). Although light microscopic in situ hybridization shows
Arc mRNA in proximal dendrites within 5 min of HFS (15 min
from first session of HES), the possible contribution of preexist-
ing Arc mRNA in early LTP expression warrants attention. Arc
and a-CaMKII mRNA are co-stored in Pur-a (purine-rich ele-
ment binding protein «) containing RNA transport granules in
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dendrites (Kanai et al., 2004), and BDNF stimulates synthesis of
both proteins in isolated synaptic preparations derived from
adult rats (Yin et al., 2002; Kanhema et al., 2006).

Arcis expressed in many cortical and limbic structures during
behavioral training and is necessary for long-term memory in a
variety of hippocampus-dependent and hippocampus-
independent memory tasks (Guzowski et al., 1999, 2000; Plath et
al., 2006). Arc mRNA levels are elevated for hours after LTP
induction or exploration of a novel environment, whereas Arc
mRNA increases in the hippocampal region CA1 and many other
brain areas are only short-lived (minutes) (Kelly and Deadwyler,
2003; Ramirez-Amaya et al., 2005; Guzowski et al., 2006). Recent
work suggests that the dentate gyrus allows fine spatiotemporal
separation of novel and complex cues, thereby disambiguating
stimuli to allow sparse encoding of information (Kesner et al.,
2004; Lee et al., 2005; McHugh et al., 2007). It will be important to
determine whether the protracted time window of LTP consoli-
dation in the dentate gyrus reflects the unique functions of this
structure.
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