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The Importance of Having Arc: Expression of the
Immediate-Early Gene Arc Is Required for Hippocampus-
Dependent Fear Conditioning and Blocked by NMDA
Receptor Antagonism

Jennifer Czerniawski, Fredrick Ree, Chester Chia, Kartik Ramamoorthi, Yayoi Kumata, and Timothy A. Otto
Department of Psychology, Rutgers University, Piscataway, New Jersey 08854

Long-lasting, experience-dependent changes in synaptic strength are widely thought to underlie the formation of memories. Many forms
of learning-related plasticity are likely mediated by NMDA receptor activation and plasticity-related gene expression in brain areas
thought to be important for learning and memory, including the hippocampus. Here, we examined the putative role of activity-regulated
cytoskeletal-associated protein (Arc), an immediate-early gene (IEG) whose expression is tightly linked to the induction and maintenance
of some forms of neuronal plasticity, in hippocampus-dependent and hippocampus-independent forms of learning. The extent to which
learning-induced Arc expression may depend on NMDA receptor activation was also assessed. First, we observed an increase in Arc gene
and protein products in both dorsal hippocampus (DH) and ventral hippocampus (VH) of male Sprague Dawley rats after hippocampus-
dependent trace and contextual fear conditioning, but not after hippocampus-independent delay fear conditioning. Specific knockdown
of Arc using antisense oligodeoxynucleotides (ODNs) in DH or VH attenuated the learning-related expression of Arc protein, and resulted
in a dramatic impairment in trace and contextual, but not delay, fear conditioning. Finally, pretraining infusions of the NMDA receptor
antagonist APV into the DH or VH blocked the learning-induced enhancement of Arc in a regionally selective manner, suggesting that
NMDA receptor activation and Arc translation are functionally coupled to support hippocampus-dependent memory for fear condition-
ing. Collectively these results provide the first evidence suggesting that NMDA receptor-dependent expression of the IEG Arc in both DH
and VH likely underlies the consolidation of a variety of forms of hippocampus-dependent learning.

Introduction
Largely separate lines of emerging evidence suggest that NMDA
receptor-mediated plasticity and immediate-early gene (IEG) ac-
tivation may play important roles in the molecular cascades un-
derlying acquisition and consolidation of a variety of forms of
memory (Nakazawa et al., 2004; Miyashita et al., 2008). Specifi-
cally, there is now a wealth of data indicating that NMDA recep-
tor activation is essential for the induction of some forms of
synapse-specific plasticity [including long-term potentiation
(LTP)] within both the hippocampus and amygdala, and that
NMDA receptor antagonism impairs many forms of learning in a
regionally dependent manner (Bliss et al., 2007). With respect to
gene function, a number of IEGs that may be importantly
involved in both synaptic plasticity and memory have now
been identified (Guzowski, 2002). Among these, Arc (activity-
regulated cytoskeletal-associated protein) has received consider-

able recent attention (Bramham et al., 2010; Shepherd and Bear,
2011), in part because it is more tightly coupled to the induction
of synaptic plasticity than to neuronal activity per se (Fletcher et
al., 2006). Importantly, Arc is one of the only IEGs whose mRNA
is rapidly transported to activated synaptic zones, where it under-
goes local protein synthesis and associates with dendritic cyto-
skeletal proteins (Link et al., 1995; Lyford et al., 1995; Steward et
al., 1998). Moreover, Arc expression in hippocampus is rapidly
and robustly enhanced following a number of behavioral manip-
ulations, including novel environment exploration and spatial
learning (Guzowski et al., 2001; Kelly and Deadwyler, 2002;
Fletcher et al., 2006), while inhibiting hippocampal Arc transla-
tion with antisense oligodeoxynucleotides (ODNs) blocks both
late-phase LTP and the consolidation of some forms of memory
in both the hippocampus and amygdala (Guzowski et al., 2000;
Ploski et al., 2008); similar patterns of physiological and behav-
ioral data are observed in Arc knock-out mice (Plath et al., 2006).

Collectively, the data reviewed above suggest that both
NMDA receptor activation and Arc expression are essential to the
functional and structural modifications that lead to selective,
long-lasting, synapse-specific alterations of synaptic efficacy and,
in turn, some forms of memory. However, while there is sugges-
tive evidence that Arc expression and NMDA receptor activation
may be interdependent in vitro (Link et al., 1995; Lyford et al.,
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1995; Steward et al., 1998), the extent to which these events are
interdependent in vivo and, together, function to subserve mem-
ory remains largely uncharacterized. In the present study we as-
sessed whether hippocampus-dependent trace and contextual fear
conditioning alter hippocampal Arc mRNA and protein levels,
and whether blocking Arc translation would impair the acquisi-
tion and consolidation of hippocampus-dependent forms of fear
conditioning. In an attempt to explore the potential interdepen-
dence between NMDA receptor activation and learning-induced
Arc expression, we examined the effect of NMDA receptor antago-
nism on Arc protein levels induced by training. Finally, because we
and others have previously observed a functional dissociation be-
tween dorsal hippocampus (DH) and ventral hippocampus (VH)
(Moser and Moser, 1998; Yoon and Otto, 2007; Czerniawski et al.,
2009), we directly compared the role of Arc in these subregions. Our
results suggest that NMDA receptor-mediated Arc expression in
both DH and VH contributes to the consolidation of emotional
memories.

Materials and Methods
All procedures have been approved by Rutgers University’s Institutional
Animal Care and Use Committee.

Subjects
One hundred seventy-six naive male Sprague Dawley adult rats (Harlan)
served as subjects. They were individually housed in plastic cages on a
12 h light/dark cycle with access to food and water ad libitum.

Behavioral procedures
Training. Trace fear conditioning was conducted 7–10 d after surgery.
In our initial experiments examining Arc gene expression using quanti-
tative PCR (qPCR) (Fig. 1), we used a trace conditioning paradigm iden-
tical to that used previously in our laboratory (Yoon and Otto, 2007;
Czerniawski et al., 2009). Briefly, auditory trace fear conditioning took
place in a single session consisting of 10 pairings of a tone conditioned
stimulus (CS) (20 s, 3.9 kHz, 80 dB) and footshock (2 s, 0.6 mA), with a
trace interval of 30 s between the offset of the tone and onset of the shock.
The first tone was presented after a 4 min acclimation period, and sub-
sequent trials were separated by a 4 min intertrial interval (ITI). Thus, the
total length of the training session was 49 min. To shorten the total
session length and thereby achieve greater temporal specificity of the
effect of infusions of APV or Arc antisense ODNs, subsequent experi-
ments used a trace conditioning paradigm consisting of 7 pairings of a
tone CS (16 s, 3.9 kHz, 80 dB) and footshock (2 s, 0.6 mA), with a trace
interval of 28 s between the offset of the tone and onset of the shock. The
first tone was presented after a 2 min acclimation period, and subsequent
trials were separated by a 2 min ITI. As described below, both training
paradigms resulted in robust acquisition of trace conditioning.

The parameters for delay fear conditioning were identical to those for
trace conditioning, except that the trace interval was omitted and the CS
and unconditioned stimulus (US) coterminated. While there is the pos-
sibility that ODN infusions into the VH could spread to the amygdala, and
suggestive evidence that VH may participate in delay fear conditioning
(Richmond et al., 1999; Maren and Holt, 2004), there is overwhelming evi-
dence that DH does not participate in delay fear conditioning (Kim and
Fanselow, 1992; Phillips and LeDoux, 1992; Misane et al., 2005; Wanisch et
al., 2005). Thus, in the present experiment we administered Arc antisense
ODNs into VH but not DH before delay fear conditioning. Prior studies have
reported that Arc mRNA is increased following exposure to a novel context
(Vazdarjanova et al., 2006); thus, in our initial experiments examining Arc
gene expression using qPCR (Fig. 1), subjects were preexposed to the
training chamber for 24 h before conditioning to reduce the salience
of the context during conditioning. Finally, in these experiments, contextual
conditioning was procedurally identical to both trace and delay conditioning
except that the explicit auditory CS was never presented.

Testing. The testing session for trace or delay fear conditioning was
conducted in a novel chamber 48 h after conditioning (24 h after context
testing) in one session consisting of three trials that were procedurally

identical to those used during training, except that the footshock US was
not delivered. Freezing behavior, defined as a rigid posture and lack of
movement except that required for respiration, was recorded throughout
the entire testing session by an observer blind to the subjects’ condition.
These raw data were subsequently transformed into the percentage of
time spent freezing during the ITI, CS, and trace interval, respectively.
Conditioned fear to the training context was assessed 24 h after condi-
tioning during a 6 min session in which the subject was returned to the
chamber in which conditioning occurred. Neither the tone CS nor the
footshock US were presented during this session.

Surgery
All subjects receiving cannula implantation surgery were first anesthe-
tized with intraperitoneal administration of ketamine (80 mg/kg,
Sigma)-xylazine (12 mg/kg,Sigma) mixture. Each subject’s head was
shaved, mounted in a stereotaxic apparatus (Kopf Instruments), and
cleaned with alcohol and Betadine. Subcutaneous injections of Marcaine
(0.1 ml, 25%, Sigma) in several locations below the scalp served as a local
anesthetic and vasoconstrictor. The scalp was then incised and retracted.
Six small burr holes were drilled into the skull. For subjects receiving
infusions into DH, guide cannulae (22 gauge, 11 mm, PlasticsOne) were
implanted bilaterally into the DH [anteroposterior (AP), �3.8 mm; me-
diolateral (ML), �2.5 mm from bregma; dorsoventral (DV), �2.2 mm
from dura]. For subjects receiving infusions into VH, guide cannulae (22
gauge, 11 mm, PlasticsOne) were implanted bilaterally into VH (AP,
�5.2 mm; ML, �5 mm from bregma; DV, �5.5 mm from dura). The
cannulae were affixed with acrylic cement and anchored to the skull via
four stainless steel screws. The incision was then closed with stainless
steel surgical staples, and obdurators were placed into the guide cannula.
All animals were closely monitored during the 7–10 d postsurgical recov-
ery period. Subjects were randomly assigned to an infusion condition
(see below) before behavioral training and testing.

Oligodeoxynucleotide design, preparation, and infusion
A subset of the subjects received infusions of antisense ODNs for Arc or
scrambled ODNs, synthesized by Integrated DNA Technologies and ob-
tained through the DNA Synthesis and Core Facility at University of
Medicine and Dentistry of New Jersey (Piscataway, NJ). The ODNs were
identical to those used previously (Guzowski et al., 2000; McIntyre et al.,
2005; Ploski et al., 2008) and were prepared to encode antisense or scram-
bled sequences for Arc mRNA starting at the sequence near the transla-
tion start site. For the experimental group, base sets of 20 mer antisense
ODNs with a sequence from bases 209 to 228 of the published Arc se-
quence were used. For the control group, the sequence was the same base
composition in a randomized (scrambled) order. All ODNs were pre-
pared using HPLC purification and then resuspended in aCSF at a con-
centration of 2 nmol/�l.

The ODN infusions were administered via insertion of an infusion
cannula into the guide cannula targeted at DH or VH at a rate of 0.25
�l/min. The infusion cannula protruded 1 mm beyond the tip of the
guide cannula, and was connected via polyethylene tubing to a 10 �l
Hamilton syringe mounted in an infusion pump (Harvard Apparatus). A
volume of 0.5 �l (2 nmol/�l) was infused bilaterally into either DH or
VH. The infusion cannula was replaced by the dummy cannula 2 min
after the infusion was complete. Subjects were returned to their cages for
3 h before training; this delay between infusion and training was chosen
based on prior data examining the time course and effectiveness of Arc
ODN infusion (Guzowski et al., 2000; McIntyre et al., 2005). Subjects
were infused with aCSF 3 h before both the context and tone testing
sessions 24 and 48 h later, respectively (Fig. 1c).

APV preparation and infusion
A subset of the subjects received microinfusions of either aCSF (Harvard
Apparatus) or APV (10 �g/�l, pH 7.4 Sigma) dissolved in aCSF. The
infusions were administered via insertion of an infusion cannula into the
guide cannula targeted at DH or VH in the same manner as the ODNs
described above. A volume of 0.5 �l (0.25 �l/min) was infused bilaterally
for a total volume of 1 �l for all subjects. The infusion cannula was left in
position for 4 min following completion of infusion to allow for diffusion
of the APV or aCSF. The infusion cannula was replaced with a dummy

Czerniawski et al. • Hippocampal Arc Expression and Fear Conditioning J. Neurosci., August 3, 2011 • 31(31):11200 –11207 • 11201



cannula and subjects were subsequently transferred to an experimental
room to undergo trace fear conditioning. Subjects were killed 1 h after
conditioning for Western blot analysis of Arc protein in DH and VH.

Histology
To verify cannula placement in subjects tested in behavioral experiments
following infusions of Arc antisense ODNs, animals were administered a
sublethal dose of sodium pentobarbital (100 mg/kg, i.p.) and perfused
transcardially with 0.9% saline followed by buffered 10% formalin. The
brain was removed and placed in a 10% formalin-30% sucrose solution
for at least 3 d. The brain was then frozen and sliced into coronal sections
with a thickness of 50 �m using a cryostat. Every other slice throughout
the DH or VH was mounted on gelled glass microscope slides and sub-
sequently stained with cresyl violet and coverslipped. An observer blind
to the subject’s condition verified cannula placement throughout the DH
or VH. Subjects with inaccurate cannula placement or extensive damage
were excluded from data analysis.

Quantitative real-time PCR
Subjects were handled 2 min per day for 5 d before behavioral testing.
They were then trained in the trace, contextual, or delay fear condition-
ing paradigms described above and killed 15 min after the end of training
(Fig. 1c). Separate subjects serving as untrained control subjects were
removed from their home cage and killed without undergoing any be-
havioral training. For all subjects, the brain was removed after rapid
decapitation. The hippocampus was extracted, placed on a freezing
aluminum dissection stage, and bisected midway between the septal
and temporal poles; the DH comprised the septal half and the VH
comprised the temporal half. Samples were flash-frozen in liquid nitro-
gen and stored at �80°C until processed.

Total RNA was isolated using a Promega SV Total RNA Isolating
System, and RNA was purified using the RNeasy Mini Kit (Qiagen).
Absorbance values for the samples were determined using a NanoDrop
ND-1000 spectrophotometer. RNA concentration was determined using
UV absorption at 260 nm. RNA purity was assessed using the ratio of
absorbance at 260/280 nm and 260/230 nm. Samples that did not have an
absorbancy ratio between 1.8 and 2.15 were removed from further anal-
ysis. Total RNA (1 �l) was reverse transcribed using an iScript cDNA
Synthesis Kit (Bio-Rad) to a total volume of 67.5 �l and stored at �20°C
after the reaction was complete. Quantitative real-time PCR was per-
formed in a 7900HT Real-Time PCR System (Applied Biosystems)
using the SYBR Green Master Mix (Bio-Rad). The primers used were for
Arc (forward, CCCTGCAGCCCAAGTTCAAG; reverse, GAAGGCT-
CAGCTGCCTGCTC) and GAPDH (forward, GCATCCTGCACCAC-
CAACTG, reverse, ACGCCACAGCTTTCCAGAGG). Each sample was
run in triplicate per gene of interest. The samples were run at 50°C for 4 min and
95°C for 10 min, followed by 40 cycles of 95°C for 15 s and 60°C for 1 min.

Relative quantification of Arc mRNA was determined using the ��CT

method described in detail by Livak and Schmittgen (2001). Briefly, the
triplicate values of threshold cycle (CT, cycle at which sample reached the
threshold fluorescence level) for each sample were averaged. Mean CT values
for GAPDH, the endogenous control, were subtracted from mean CT values
of Arc for each subject. This served as the �CT. The subject with the highest
�CT from the home cage untrained control group served as the calibrator
and was subtracted from the�CT of the remaining subjects (��CT). The fold
change in the expression of Arc, normalized to the endogenous control
(GAPDH), was then determined using the formula 2���CT. The fold change
values were then averaged for each of the respective groups (i.e., DH trained,
DH untrained, VH trained, and VH untrained).

Western blotting
Subjects were infused with Arc antisense or scrambled ODNs and then un-
derwent trace fear conditioning as described above. A subset of these subjects
was killed 1 h after conditioning (Fig. 1c). Separate subjects serving as un-
trained control subjects were removed from their home cage and killed with-
out undergoing any training. For all subjects, the brain was removed after
rapid decapitation. The hippocampus was removed and dissected into DH
and VH, which were then homogenized in ice-cold 1% lysis buffer with
EDTA/Protease Inhibitor Cocktail (Thermo Scientific) and agitated for 2 h
at 4°C, followed by 20 min in the centrifuge at 12,000 rpm at 4°C.

Protein concentration for each sample was assessed and normalized using
a standard Bradford assay. The samples were then loaded into 12% Mini-
PROTEAN TGX Precast Gels (Bio-Rad) for gel electrophoresis and then
transferred to a nitrocellulose membrane (Ready-Blot sandwiches, Bio-
Rad). The membrane was then blocked in TBST buffer with 5% BSA for 1.5 h
at room temperature. Following blocking, the membrane was incubated
with mouse anti-Arc monoclonal antibody (1:5000; Santa Cruz Biotechnol-
ogy) and rabbit anti-actin polyclonal antibody (1:20,000; Sigma-Aldrich)
overnight at 4°C. After incubating in the primary antibody, the membrane
was washed 3 times for 15 min at room temperature in TBST solution before
being incubated in both anti-rabbit and anti-mouse conjugated to horserad-
ish peroxidase (1:10,000; Santa Cruz Biotechnology) for 1 h at room tem-
perature. The blots were developed using chemiluminescent substrate ECL
reagent (Pierce) according to the manufacturer’s instructions and imaged
with a Fluor-S Scanner (Bio-Rad), and normalized to actin for each sample.
Data for subjects that received ODN infusions and were trained in trace fear
conditioning are expressed as a percentage increase in optical density com-
pared with home cage untrained control subjects.

Results
Trace and contextual, but not delay, fear conditioning
enhances Arc mRNA expression in DH and VH
Quantitative real-time PCR was performed on the subjects re-
ceiving 10 training trials with a 4 min ITI in trace, contextual, or
delay conditioning. Note that delay conditioning procedures fol-
lowed a 24 h period of preexposure to the training chamber to
reduce the salience of the context. Our results suggest that both
trace and contextual fear conditioning resulted in a significant
increase in levels of Arc mRNA in both DH (Fig. 1a) and VH (Fig.
1b) relative to home-cage control animals, while delay condition-
ing did not. A two-way ANOVA revealed that there was a signif-
icant difference between training conditions (F(3,62) � 19.45, p �
0.001) and brain region (F(3,63) � 6.17, p � 0.05), but not an
interaction between brain region and training (F(3,62) � 1.57, p �
0.05). Student–Newman–Keuls (SNK) post hoc analyses showed
that Arc mRNA levels of animals trained in trace (DH, n � 12;
VH, n � 9) and contextual (DH, n � 6; VH, n � 8) conditioning
were significantly enhanced relative to those trained in delay con-
ditioning (DH, n � 5; VH, n � 5) and home-cage control animals
(DH, n � 9; VH, n � 9), with higher overall Arc mRNA levels in
DH compared with VH (all p values � 0.05).

A similar pattern of effects was observed in animals trained on
the more temporally precise version of trace conditioning in
which the number of trials was reduced to 7 and the ITI was
reduced to 2 min (Fig. 1d). A two-way ANOVA revealed a signif-
icant difference between trained and untrained subjects (F(1,23) �
12.79, p � 0.01). There was no significant effect for brain region
(F(1,23) � 0.39, p � 0.05), nor was there an interaction between
training condition and region (F(1,23) � 0.17, p � 0.05), indicat-
ing there was a significant increase in Arc mRNA in trained com-
pared with untrained subjects in both DH (trained, n � 7;
untrained, n � 7) and VH (trained � 5; untrained � 5).

Trace fear conditioning enhances Arc protein expression in
DH and VH, which is blocked by Arc ODN infusion
We used Western blots to assess levels of Arc protein expression
in DH and VH following pretraining infusions of Arc antisense or
scrambled ODNs. Representative Western blots showing Arc and
actin bands for subjects with cannulae implanted into DH or VH,
as well as the mean (�SEM) percentage increase in Arc protein
expression relative to actin and naive controls (n � 5) are de-
picted in Figure 1e– h. For subjects receiving infusions of scram-
bled (n � 4) or Arc antisense (n � 5) ODNs into DH before trace
fear conditioning, a two-way ANOVA with brain region and in-
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fusion condition as the main factors revealed there was a signifi-
cant main effect for brain region (F(1,17) � 19.00, p � 0.01) and
for infusion condition (F(1,17) � 26.90, p � 0.01). There was also
a significant interaction between brain region and infusion condi-
tion (F(1,17) � 19.80, p � 0.01). Subsequent post hoc analyses
revealed that Arc antisense ODN infusions in DH significantly
and selectively attenuated Arc protein levels in the DH only (p �
0.05; SNK) (Fig. 1e). Thus, trace fear conditioning enhances Arc
expression in DH, and this learning-related increase in Arc ex-
pression is attenuated in a regionally selective manner by pre-
training infusion of Arc antisense ODNs into DH.

For subjects receiving infusions of scrambled (n � 4) or Arc
antisense (n � 5) ODNs into VH before trace fear conditioning,
a two-way ANOVA with brain region and infusion condition as
the main factors revealed there was a significant main effect for
brain region (F(1,17) � 9.41, p � 0.01) and for infusion condition

(F(1,17) � 10.40, p � 0.01). There was also
a significant interaction between brain re-
gion and infusion condition (F(1,17) �
13.40, p � 0.01). Subsequent post hoc
analyses revealed that Arc antisense ODN
infusions in VH significantly and selec-
tively attenuated Arc protein levels in the
VH only (p � 0.05; SNK) (Fig. 1f). Thus,
just as with DH, trace conditioning en-
hances Arc protein expression in VH, and
this learning-related increase in Arc ex-
pression is attenuated in a regionally spe-
cific manner by pretraining infusion of
Arc antisense ODNs into VH.

Pretraining infusion of Arc antisense
ODNs into DH or VH impairs the
consolidation of trace and contextual
fear conditioning
The findings from our behavioral experi-
ments examining the effect of Arc anti-
sense infusion on the acquisition and
subsequent expression of contextual and
trace fear conditioning are depicted in
Figure 2. Subjects received infusions of
Arc antisense or scrambled ODNs into
DH or VH 3 h before trace fear condition-
ing and were subsequently tested 48 h
later. In addition, we examined condi-
tioned freezing to the context 24 h after
conditioning. Histological verification
was conducted for all subjects undergoing
behavioral testing. A representative pho-
tomicrograph depicting accurate cannula
placement in DH and VH is shown in Fig-
ure 2, h and i. Only subjects whose can-
nula tips were confined within DH (Fig.
2h) or VH (Fig. 2i) were included for sta-
tistical analysis. Data were analyzed using
separate two-way ANOVAs for the differ-
ent time intervals during conditioning
and testing with brain region and infusion
condition as main factors.

The mean (�SEM) percentage of
freezing exhibited during the condition-
ing session is shown in Figure 2a– c. There
were no significant differences in freezing

during trial 1 (baseline) of the ITI (region, F(1,35) � 1.40, p � 0.05;
condition, F(1,35) � 1.32, p � 0.05; region � condition, F(1,35) �
1.37, p � 0.05), CS (region, F(1,35) � 0.16, p � 0.05; condition,
F(1,35) � 0.16, p � 0.05, region � condition, F(1,35) � 1.80, p �
0.05), or trace interval (region, F(1,35) � 0.90, p � 0.05, condition:
F(1,35) � 0.59, p � 0.05, region � condition, F(1,35) � 0.001, p �
0.05). Although overall freezing increased after the first US pre-
sentation at the end of trial 1, groups did not differ in freezing
behavior during trials 2–7 of the ITI (region, F(1,35) � 0.10, p �
0.05; condition, F(1,35) � 0.87, p � 0.05, region � condition,
F(1,35) � 0.006, p � 0.05), CS (region, F(1,35) � 0.94, p � 0.05;
condition, F(1,35) � 1.17, p � 0.05, region � condition, F(1,35) �
0.31, p � 0.05), or trace interval (region, F(1,35) � 0.15, p � 0.05;
condition, F(1,35) � 0.32, p � 0.05; region � condition, F(1,35) �
0.02, p � 0.05), suggesting that all subjects successfully acquired
trace fear conditioning regardless of the infusion condition or

Figure 1. a, b, Mean (�SEM) fold change in Arc mRNA relative to both untrained home cage controls and GAPDH. There was a
significant increase in Arc mRNA expression in DH (a) and VH (b) after trace and contextual, but not delay, fear conditioning. *p �
0.05. c, Experiment design. d, Mean (�SEM) fold change in Arc mRNA relative to both untrained home cage controls and GAPDH.
Trace fear conditioning enhanced Arc mRNA levels in DH and VH. *p � 0.05. e, f, Mean (�SEM) percentage increase in Arc protein
expression relative to untrained home cage controls and actin. Infusions of Arc antisense ODNs into DH (e) or VH (f ) attenuated the
learning-induced enhancement of Arc protein in a regionally specific manner. *p � 0.05. g, h, Representative blots for subjects
with cannula targeted at DH (g) or VH (h). HC, Home cage controls; SCR, scrambled ODN infusion; AS, Arc antisense ODN infusion.
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targeted subregion. Furthermore, these
data strongly suggest that the Arc anti-
sense ODNs did not alter footshock sensi-
tivity, sensory processing, or freezing
behavior during conditioning.

The mean (�SEM) percentage of
freezing exhibited during the testing ses-
sion for trace fear conditioning is shown
in Figure 2d–f. There was no main effect
for infusion condition (F(1,35) � 2.12, p �
0.05) during trial 1 of the ITI (baseline),
but there was a main effect for brain re-
gion (F(1,35) � 4.42, p � 0.04. SNK post
hoc analyses revealed that subjects with
cannula in VH froze slightly more during
baseline than those with cannula in DH.
During trials 2–3 of the ITI, there was a
significant difference between infusion
condition (F(1,35) � 30.46, p � 0.001), but
there was no main effect for brain region
(F(1,35) � 0.17, p � 0.05) or an interaction
between brain region and infusion condi-
tion (F(1,35) � 0.02, p � 0.05). This same
pattern was observed during the CS (re-
gion, F(1,35) � 19.52, p � 0.001; condition,
F(1,35) � 1.70, p � 0.05; interaction, F(1,35)

� 0.14, p � 0.05) and trace interval (re-
gion, F(1,35) � 36.45, p � 0.001; condition,
F(1,35) � 0.01, p � 0.05; interaction, F(1,35)

� 0.02, p � 0.05). SNK post hoc analyses
revealed that subjects that received infu-
sions of Arc antisense ODNs (DH, n � 9;
VH, n � 11) exhibited significantly less
freezing than those that received scram-
bled ODNs (DH, n � 9; VH, n � 7) dur-
ing the ITI, CS, and trace interval of the
testing session (p � 0.05), regardless of
whether the infusions were into DH or
VH. These data indicate that blocking
protein translation with Arc antisense
ODNs in either DH or VH before training
attenuated the expression of trace fear
conditioning 48 h after training, and are
consistent with the view that Arc-
mediated plasticity may underlie the con-
solidation of some forms of memory (Bramham et al., 2010).

The mean (�SEM) percentage of freezing during the 6 min con-
text test is shown in Figure 2g. There was a main effect for infusion
condition (F(1,35) � 21.58, p � 0.001), but no main effect for region
(F(1,35) � 1.83, p � 0.05) or an interaction between brain region and
infusion condition (F(1,35) � 0.02, p � 0.05). SNK post hoc analyses
revealed that subjects that received Arc antisense ODNs (DH, n � 9;
VH, n � 11) froze significantly less during context testing compared
with those that received the scrambled ODNs (DH, n � 9; VH, n �
7) regardless of what brain region was infused. These data suggest
that blocking Arc translation in DH or VH before training impairs
contextual, as well as trace, fear conditioning.

Pretraining infusion of Arc antisense ODNs into VH has
no effect on the acquisition or retention of delay fear
conditioning
The expression of conditioned fear exhibited during the condi-
tioning and testing sessions for subjects receiving Arc antisense

(n � 9) or scrambled ODN (n � 7) infusions into VH before
delay fear conditioning is depicted in Figure 2j–l. For condition-
ing, a t test revealed that there was no significant difference in
freezing between the two groups during the first trial (baseline) of
the ITI (t(1,14) � 0.18, p � 0.05) or CS (t(1,14) � 0.64, p � 0.05),
nor was there a significant difference during trials 2–7 of the ITI
(t(1,14) � 1.13, p � 0.05), or CS presentations (t(1,14) � 0.37, p �
0.05). For testing, a t test revealed there was no significant differ-
ence in freezing between the two groups during the first trial
(baseline) of the ITI (t(1,14) � 0.40, p � 0.05), nor was there a
significant difference during trials 2–3 of the ITI (t(1,14) � 0.49,
p � 0.05), or during the CS presentations (t(1,14) � 0.26, p �
0.05). Thus, unlike trace fear conditioning, delay fear condition-
ing is unaffected by infusion of Arc antisense ODNs into VH.

The mean (�SEM) percentage of freezing during the context
test is shown in Figure 2m. A t test revealed that subjects with Arc
antisense ODN infusions into VH before conditioning froze sig-
nificantly less during the first 3 min (t(1,14) � 3.10, p � 0.01) but

Figure 2. a– c, Mean (�SEM) percentage freezing during training in the trace conditioning paradigm. Infusions of Arc anti-
sense or scrambled ODNs into the DH or VH had no effect on behavior during the ITI (a), CS (b) or the trace interval (c). d–f, Mean
(�SEM) percentage freezing during the testing session 48 h after training. Pretraining infusions of Arc antisense ODNs into DH or
VH impaired conditioned freezing during the ITI (d), CS (e), and trace interval (f ). *p � 0.05. g, Pretraining infusions of Arc
antisense ODNs into DH or VH impaired conditioned freezing during the context test. *p � 0.05. h, i, Representative photomicro-
graph of accurate cannula placement in DH (h) or VH (i). j, k, Infusions of Arc antisense or scrambled ODNs into VH before delay fear
conditioning had no effect on freezing behavior during training. l, m, Infusions of Arc antisense ODNs into VH before delay
conditioning had no effect on freezing to the CS during subsequent testing (l ), but significantly impaired conditioned freezing
during the first 3 min of the context test (m). *p � 0.05. SCR, Scrambled ODN infusion; Arc AS, Arc antisense ODN infusion.
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not the last 3 min of the context test (t(1,14) � 0.41, p � 0.05)
compared with those that received the scrambled ODN infusions.
The robust difference in the first several minutes of the context test
suggests that pretraining Arc antisense ODN infusions into VH sig-
nificantly attenuated contextual fear conditioning while leaving the
acquisition of delay fear conditioning in the same animals
unaffected.

Pretraining infusion of the NMDA receptor antagonist APV
into DH or VH blocks the learning-induced enhancement of
Arc protein in a regionally selective manner
To determine whether the learning-induced increase in Arc is
NMDA receptor dependent, we infused APV into DH or VH
before trace fear conditioning and subsequently performed
Western blots to measure Arc protein levels in both regions after
training. The mean (�SEM) percentage increase in Arc protein
expression compared with actin and relative to home cage con-
trols (n � 6) is shown in Figure 3. For subjects receiving infusions
of APV (n � 8) or aCSF (n � 8) into DH before trace fear con-
ditioning, a two-way ANOVA with brain region and infusion
condition as the main factors revealed there was a significant
main effect for brain region (F(1,31) � 38.90, p � 0.001) and for
infusion condition (F(1,31) � 39.7, p � 0.001). There was also a
significant interaction between brain region and infusion condi-
tion (F(1,31) � 18.9, p � 0.001). Subsequent post hoc analyses
revealed that pretraining infusions of APV into DH significantly
and selectively attenuated the level of training-induced Arc pro-
tein in DH only (p � 0.05; Fig. 3a). A representative blot depict-
ing Arc and actin bands for subjects receiving infusions into DH
is depicted in Figure 3c.

For subjects receiving infusions of APV (n � 8) or aCSF (n �
8) into VH before trace fear conditioning, a two-way ANOVA
with brain region and infusion condition as the main factors
revealed there was a significant main effect for brain region
(F(1,31) � 20.9, p � 0.001) and for infusion condition (F(1,31) �
36.2, p � � 0.001). There was also a significant interaction
between brain region and infusion condition (F(1,31) � 33.2, p �
0.001). Subsequent post hoc analyses revealed that pretraining
infusion of APV into VH significantly and selectively attenuated
the level of training-induced Arc protein in VH only (p � 0.05;

Fig. 3b). A representative blot depicting
Arc and actin bands for subjects receiving
infusions into VH is depicted in Figure 3d.

Discussion
The expression of Arc in DH and VH is
enhanced following trace and
contextual, but not delay,
fear conditioning
We observed enhanced Arc mRNA ex-
pression in both DH and VH following
trace and contextual, but not delay, fear
conditioning. This is consistent with
other reports demonstrating behaviorally
dependent enhancements of Arc tran-
scription in the hippocampus (Guzowski
et al., 1999; Kelly and Deadwyler, 2002;
Montag-Sallaz and Montag, 2003;
Fletcher et al., 2006; Huff et al., 2006). Im-
portantly, there was no increase in Arc
mRNA in subjects trained in a delay par-
adigm following prolonged (24 h) context
preexposure, suggesting that the enhance-
ment of Arc mRNA observed in animals

receiving either trace or contextual conditioning is not attribut-
able to the delivery of footshock or the novelty of tone exposures
alone. This upregulation of Arc mRNA was observed in both DH
and VH, further supporting the notion that both subregions nor-
mally participate in the acquisition and maintenance of memory for
trace and contextual fear conditioning.

Consistent with the learning-related upregulation of Arc
mRNA expression, we also observed an enhancement of Arc pro-
tein expression in both DH and VH following trace fear condi-
tioning. Although an increase in Arc protein in the hippocampus
following delay fear conditioning has been reported previously (Loner-
gan et al., 2010), our mRNA data suggest that this enhancement may
be attributed to context learning that typically accompanies delay
conditioning, and not delay conditioning itself. Collectively, these
data suggest that Arc transcription and translation in the hippocam-
pus are likely regulated, at least in part, by training in tasks that are
hippocampus dependent.

Arc antisense ODNs impair both trace and contextual fear
conditioning and the corresponding learning-related increase
in Arc protein expression
To further explore the relationship between Arc expression and
hippocampus-dependent learning, we examined the effect of
blocking Arc translation on trace and contextual fear condition-
ing. Pretraining infusions of Arc antisense ODNs into either DH
or VH had no effect on behavior during training, but dramati-
cally attenuated the expression of trace and contextual fear con-
ditioning during subsequent testing. It is difficult to determine
whether the observed deficits reflect actual impairments of acqui-
sition, consolidation, or both. However, the patterns of data re-
ported here are consistent with those suggesting an important
role for Arc in the maintenance of late-phase LTP and the con-
solidation of some forms of memory (Guzowski et al., 2000;
McIntyre et al., 2005; Plath et al., 2006; Ploski et al., 2008).

Arc antisense ODNs also blocked the learning-related increase
in Arc protein expression in the targeted subregions. Impor-
tantly, the effect of ODNs was regionally selective: there was no
difference in Arc protein levels in DH for subjects infused with
Arc antisense or scrambled ODNs into VH, and vice versa. More-

Figure 3. a, b, Mean (�SEM) percentage increase in Arc protein expression relative to untrained home cage controls and actin.
Infusions of APV into DH (a) or VH (b) attenuated the learning-induced enhancement of Arc protein in a regionally specific manner.
*p � 0.05. c, d, Representative blots for subjects with cannula targeted at DH (c) or VH (d). HC, Home cage controls.
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over, there was a remarkably consistent increase in Arc protein
expression after scrambled ODN infusions and in the noncannu-
lated hippocampal subregion, indicating that the spread of infu-
sion was confined to the targeted subregion and that there were
no adverse effects of cannula implantation or infusion of scram-
bled ODNs on the learning-induced enhancement of Arc protein.

This study is the first to use ODNs to selectively target distinct
subregions of the hippocampus, and our data suggest that down-
stream molecular cascades involving Arc in both DH and VH are
required for lasting memory of trace and contextual fear condi-
tioning. These data appear to conflict with those of several reports
demonstrating a functional dissociation between DH and VH
(Bannerman et al., 1999; Richmond et al., 1999). Specifically, we
have previously demonstrated that both lesions and temporary
inactivation of VH, but not DH, before training impair the ac-
quisition of trace fear conditioning (Yoon and Otto, 2007; Czer-
niawski et al., 2009). By contrast, pretraining NMDA receptor
antagonism or post-training lesions of either DH dramatically
impair the expression of trace fear conditioning (Misane et al.,
2005; Quinn et al., 2005; Wanisch et al., 2005; Yoon and Otto,
2007). Together with our current findings, these data suggest that
while DH integrity may not be critical to the acquisition of trace
fear conditioning, learning-related plasticity within both DH and
VH may normally be involved in forming or maintaining associa-
tions in trace and contextual conditioning if those regions are intact
during learning, and that this learning-induced plasticity is likely
required for the consolidation or subsequent recall of memory in
these paradigms.

The results of the present study suggest that Arc-mediated
plasticity within both DH and VH likely underlie the consolida-
tion of memory for contextual and trace fear conditioning. How-
ever, consistent with the general view that the hippocampus is not
necessary to learn delay fear conditioning (Phillips and LeDoux,
1992; McEchron et al., 1998), blocking Arc translation in VH did
not block the formation of, or memory for, CS–US associations
in delay fear conditioning. Furthermore, the previously described
pattern of effects cannot be attributed to diffusion of the anti-
sense ODNs into the amygdala, which has been shown to result in
a robust impairment of fear conditioning (Ploski et al., 2008).
Although there have been a few reports suggesting that VH may
participate in some aspects of delay fear conditioning (Bast et al.,
2001; Maren and Holt, 2004), the present data suggest that Arc
protein translation is not a necessary component of VH involve-
ment in delay fear conditioning. While administration of Arc
antisense ODNs into VH did not alter freezing levels during test-
ing, it robustly attenuated freezing during the first 3 min of the
context test. Additionally, because all animals exhibited robust
freezing behavior to the explicit CS during testing, it is highly
unlikely that any observed behavioral deficits in freezing are due
to possible effects of the ODNs on locomotor activity and/or
sensory processing during acquisition. This dissociation provides
compelling evidence suggesting that Arc translation in the hip-
pocampus is essential for memory formation of trace and contex-
tual, but not delay, fear conditioning.

The learning-related increase in Arc expression is dependent
on NMDA receptor activation
In vitro, activity-dependent Arc expression is blocked by NMDA
receptor antagonism (Link et al., 1995; Lyford et al., 1995; Stew-
ard et al., 1998). We now demonstrate that NMDA receptor an-
tagonism has a similar effect in vivo, and further that Arc
expression and the induction of LTP may have a partially over-
lapping, common underlying chemistry. Interestingly, the main-

tenance and consolidation of LTP itself requires sustained Arc
expression (Guzowski et al., 2001; Messaoudi et al., 2007). In
addition to the expression of Arc, the selective targeting of Arc to
recently active synapses is also dependent on NMDA receptor
activation (Steward and Worley, 2001). Together with the now
well established finding that both trace and contextual condition-
ing are blocked by intrahippocampal infusion of the NMDA re-
ceptor antagonist APV (Misane et al., 2005; Quinn et al., 2005;
Wanisch et al., 2005; Czerniawski et al., 2010), these data strongly
suggest that NMDA receptor activation and Arc expression may
be interdependent processes working in tandem to support
experience-dependent alterations in synaptic strength that un-
derlie long-term memory formation.

Summary
Our study adds to the converging data supporting the notion that
Arc may play a particularly prominent role in the acquisition and
maintenance of a variety of types of learning (Guzowski et al.,
2001; McIntyre et al., 2005; Ploski et al., 2008). Based largely on
work examining the relationship between Arc expression and
synaptic plasticity in vitro, Bramham et al. (2010) have suggested
that Arc is likely a key regulator of protein synthesis-dependent
neuronal plasticity and, ultimately, memory (see also Shepherd
and Bear, 2011). Specifically, Arc has been implicated in the sta-
bilization of LTP, LTD, and homeostatic plasticity (Bramham et
al., 2010), and likely contributes to modifying synaptic strength
through effects on postsynaptic density (Messaoudi et al., 2007).
Arc is also involved in AMPA receptor endocytosis (Chowdhury
et al., 2006; Rial Verde et al., 2006; Waung et al., 2008), indicating
that Arc may play a role in homeostatic scaling, in which a reduction
of AMPA receptors leads to a weakening of excitatory signaling with-
out changing the relative strengths of the inputs (Turrigiano, 2008).
A precise characterization of the specific combination of these mech-
anisms that may be implemented in vivo during or as a result of
learning awaits further study.

In the current study we demonstrate that the transcription and
translation of Arc in DH and VH is regulated by hippocampus-
dependent but not hippocampus-independent forms of learning.
Moreover, blocking Arc translation blocks the learning-induced en-
hancement of Arc protein in both DH and VH, as well as memory
formation in trace and contextual fear conditioning. Finally, we
demonstrate that the learning-induced enhancement of Arc protein
is dramatically attenuated by NMDA receptor antagonism, suggest-
ing that these processes appear to be tightly coupled and likely inter-
dependent. Collectively, our data provide compelling support for
the notion that NMDA receptor-mediated expression of Arc may
underlie the acquisition of a variety of forms of learning that may be
differentially dependent on DH and VH.
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