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Abstract

Most recent studies aimed at defining the cellular and
molecular mechanisms of Pavlovian fear conditioning have
focused on protein kinase signaling pathways and the tran-
scription factor cAMP-response element binding protein
(CREB) that promote fear memory consolidation in the lateral
nucleus of the amygdala (LA). Despite this progress, there still
remains a paucity of information regarding the genes down-
stream of CREB that are required for long-term fear memory
formation in the LA. We have adopted a strategy of using
microarray technology to initially identify genes induced within
the dentate gyrus following in vivo long-term potentiation
(LTP) followed by analysis of whether these same genes are
also regulated by fear conditioning within the LA. In the
present study, we first identified 34 plasticity-associated
genes that are induced within 30 min following LTP induction
utilizing a combination of DNA microarray, qRT-PCR, and

Classical or Pavlovian fear conditioning has emerged as one
of the best characterized learning paradigms in behavioral
neuroscience (Davis 1992; Fanselow and LeDoux 1999;
LeDoux 2000). In this associative learning paradigm, an
animal learns to associate a benign stimulus (conditioned
stimulus, CS), such as a tone, with a noxious stimulus
(unconditioned stimulus, US), such as a foot shock. Because
this learning paradigm is rapidly acquired, enduring, and
quantifiable, much progress has been made in identifying the
neurobiological mechanisms underlying fear learning at the
behavioral, neurophysiological and molecular levels.

Most recent studies aimed at studying the cellular
mechanisms of fear conditioning have supported the notion
that fear acquisition and memory formation involves trans-
mission and integration of CS and US information in the
lateral nucleus of the amygdala (LA), where NMDA receptor
(NMDAR)-driven alterations in protein kinase signaling
pathways are thought to promote alterations in synaptic
transmission, in part, by engaging cAMP-response element
binding protein (CREB)-dependent transcription in the
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in situ hybridization. To determine whether these genes are
also induced in the LA following Pavlovian fear conditioning,
we next exposed rats to an auditory fear conditioning protocol
or to control conditions that do not support fear learning fol-
lowed by qRT-PCR on mRNA from microdissected LA sam-
ples. Finally, we asked whether identified genes induced by
fear learning in the LA are downstream of the extracellular-
regulated kinase/mitogen-activated protein kinase signaling
cascade. Collectively, our findings reveal a comprehensive list
of genes that represent the first wave of transcription following
both LTP induction and fear conditioning that largely belong to
a class of genes referred to as ‘neuronal activity dependent
genes’ that are likely calcium, extracellular-regulated kinase/
mitogen-activated protein kinase, and CREB-dependent.
Keywords: amygdala, dentate gyrus, fear conditioning, LTP,
microarray, plasticity.
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nucleus (Blair ef al. 2001a; Josselyn et al. 2001; Schafe
et al. 2001; Maren et al. 2003; Rodrigues et al. 2004).
Indeed, long-term memory (LTM) formation of fear condi-
tioning has been shown to require de novo mRNA
transcription and protein synthesis in the LA. Intra-LA
injection of inhibitors of either mRNA transcription or
protein synthesis impairs memory consolidation of fear
conditioning; that is, short-term memories are intact, while
LTM is impaired (Bailey ef al. 1999; Schafe and LeDoux
2000; Maren et al. 2003; Duvarci et al. 2008). Conversely,
over-expression of CREB in the LA enhances fear memory
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consolidation (Josselyn ef al. 2001). Collectively, these
findings have contributed to the view that neural plasticity
in the LA encodes key aspects of fear learning and memory
storage (Fanselow and LeDoux 1999; Blair ef al. 2001b;
Schafe et al. 2001; Maren and Quirk 2004).

While the signaling mechanisms underlying fear memory
formation in the LA have been extensively studied, relatively
little progress has been made in identifying genes down-
stream of CREB that are regulated by fear learning in LA
neurons. This lack of progress is likely due, in part, to the
relatively small size of the LA, the low cell body density of
the LA, and to the relatively small changes in gene
expression induced by fear conditioning within the LA.
Collectively, this leads to difficulties in unambiguously
identifying gene expression changes following fear learning
using existing methodologies that rely on a high signal-to-
noise ratio. Indeed, the few studies that have attempted to
examine the downstream genes that are regulated by fear
memory formation in the LA have either identified only a
few genes (Stork et al. 2001; Ressler et al. 2002) or have
generated a list of genes from a microarray screen (Keeley
et al. 2006).

While global gene expression profiling utilizing DNA
microarrays offers an opportunity to identify genes that may
be regulated during a particular stimulus, in practice, it can
be very difficult to identify biologically meaningful changes
(signal) versus the many false positives (noise) that inundate
these types of screens. Typically, statistics are used to
provide confidence that the genes identified are valid, but all
too often these same genes are unable to be verified via other
means, bringing into question the reliability of the screen
(Tan et al. 2003; Miklos and Maleszka 2004; Frantz 2005).
There are several reasons a screen may result in a low signal-
to-noise ratio. For example, the stimulus may not induce
strong gene expression, or the time point chosen to examine
gene expression changes may not be optimal. Further, the
noise may be increased due to contamination of either
surrounding structures or cell types that do not undergo the
same gene expression changes. These latter issues are
particularly problematic for the brain as it is a heterogeneous
structure composed of many cells types and distinct
subregions.

In the present study, we attempted to circumvent many of
these common pitfalls by choosing to first identify genes that
are induced during in vivo long-term potentiation (LTP) at
dentate gyrus synapses in urethane-anesthetized rats followed
by global gene expression analysis of microdissected dentate
gyrus at a time point (30 min) that is likely to capture the first
wave of transcription induced following LTP. The use of the
in vivo dentate gyrus LTP method to initially screen for genes
regulated by synaptic plasticity offers several important
advantages. First and foremost, it utilizes a pattern of
stimulation that induces highly reliable and robust alterations
in synaptic plasticity that shares many of the essential
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pharmacological and biochemical features of learning and
memory (Bliss and Lomo 1973; Malenka and Nicoll 1999;
Schafe et al. 2001; Rodrigues et al. 2004). Second, the
dentate gyrus is a clearly identifiable region of high neuronal
cell body density. This allows for highly accurate microdis-
section, limiting contamination from surrounding structures
and virtually eliminating gene dilution/negation effects.
Further, the use of the in vivo anesthetized LTP preparation
has the additional advantage of avoiding gene-dilution
effects which may be inherent in either awake-behaving
models, due to variability in the baseline expression of
activity-dependent genes (Cirelli e al. 2004), or in vitro slice
methods, in which cutting the brain slice alone may result in
significant changes in gene expression (Taubenfeld et al.
2002).

In our next series of experiments, we examined whether a
portion of the genes that we found to be regulated by LTP in
the dentate gyrus are also regulated in the LA following
Pavlovian fear conditioning via qRT-PCR. We reasoned that
hippocampal dentate gyrus neurons induced to undergo LTP
and LA neurons undergoing emotional learning would likely
undergo similar patterns of gene expression changes consid-
ering that both of these processes share many pharmacolog-
ical and biochemical similarities and that both of these brain
structures have been documented to be important for learning
and memory (Schafe et al. 2001; McHugh et al. 2007).

Using this approach, we report one of the most compre-
hensive lists to date of plasticity-associated genes that
represent the first wave of transcription following fear
conditioning in the LA.

Materials and methods

Subjects

Adult male Sprague-Dawley rats (Harlan Laboratories, Somerville,
NY, USA) were housed individually in plastic cages and maintained
on a 12 h light/dark cycle. Food and water were provided ad libitum
throughout the experiment. Animal use procedures were in strict
accordance with the National Institutes of Health Guide for the Care
and Use of Laboratory Animals and were approved by the Yale
University Animal Care and Use Committee.

Electrical stimulation experiments

For LTP stimulation experiments, rats (300-350 g) were anesthe-
tized with urethane (2 i.p. injections at 10 min intervals; total of
1.6 mg/kg) and placed in a stereotaxic frame. The skull was exposed
and the rats were implanted with a concentric bipolar stimulating
electrode (model #NEX-100 from David Kopf Instruments,
Tujunga, CA, USA), into the angular bundle of the perforant path
(=7.8 AP, 4 ML, -3.4 DV). One-half hour following implantation
of the stimulating electrode, rats were given LTP-inducing high-
frequency stimulation (HFS) which consisted of six trains of pulses
(400 Hz, 20 ms), delivered at a 10 s interval and repeated six times
at an interval of 2 min. This protocol has been widely used in the
perforant-dentate pathway, and results in reliable and robust
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potentiation of dentate gyrus synapses (Davis et al. 2000). Low-
frequency stimulation (LFS) controls received pseudotetanic stim-
ulation consisting of six pulses, delivered at a 10 s interval, repeated
six times with an interval of 2 min, to match the tetanus without
inducing LTP. In all stimulation experiments, current was applied
such that it moved from the tip to the tube of the bipolar stimulation
electrode. The rats were killed 30 min following HFS or LFS and
the brain was dissected and immediately frozen on powdered dry ice
and stored at —80°C until further processing.

Dentate gyrus microdissection

Fresh frozen rat brains were mounted posterior side down on a
sliding freezing microtome and tissue was removed to ~ —2.5
Bregma. The coronal plane was brushed with RNA Later (Ambion,
Austin, TX, USA) to prevent RNA degradation and to provide
rigidity to the tissue slice during dissection. A 480 um-thick section
was taken between ~ —2.5 to ~ —3.0 Bregma and placed in a glass
dish with RNA Later. A small portion of one blade of the dentate
gyrus was selectively microdissected using a 1 mm punch tool. The
microdissected samples were immediately placed in ice-cold
microfuge tubes, frozen on dry ice, and placed at —80°C until
RNA isolation. After the dentate gyrus was removed by dissection,
the tissue was immersed in Nissl stain for 5-10 min and then
visualized under a bright field microscope, to ensure the dentate
gyrus was accurately dissected.

Microarray analysis

The ipsilateral dentate gyrus (side of stimulation) was microdissected
from rats that received either HES or LFS (n = 4 each). The total RNA
from microdissected samples was isolated using RNA Aqueous Micro
(Ambion, Austin, TX, USA). Samples were purified via precipitation
using Pellet Paint NF (Novagen). Total RNA was amplified via a
single round of amplification according to the manufacturer’s
recommendations using Amino allyl MessageAmp II (Ambion). All
amplification reactions were incubated at 37°C for 14 h. The labeling
of the amplified RNA with Cy5/Cy3 and microarray hybridizations
were performed at the DUKE microarray facility using dual channel
Rat OpArrays containing 27 044 gene transcripts. A total of four
microarrays were performed in which one HFS (Cy5) sample and one
LFS (Cy3) sample were hybridized to the same microarray slide.
Resulting Genepix files (Molecular Devices, Sunnyvale, CA, USA)
were imported into Genespring GX 7.3 (Silicon Genetics, Redwood
City, CA, USA) for data analysis. Per chip intensity dependent
Lowess normalization was performed. Gene lists were created based
on the relatively stringent criteria that the gene must be at least 1.9-
fold up or down-regulated in 4 of 4 arrays performed. This list resulted
in 34 up-regulated genes and no down-regulated genes. All genes in
this list exhibited a control or raw average signal value that was well
above background and also had a #-test p-value of p < 0.05. Most of
the genes were confirmed by a combination of in sifu hybridization
and/or qRT-PCR in separate cohorts of rats and therefore did not
require the use of a multiple testing correction. Importantly, the
MAQC Consortium has reported that this approach can be successful
in identifying reproducible gene lists (Shi et al. 2006).

Fear conditioning

All rats were removed from the rat colony in their home cage and
transported to our behavioral suite for habituation to handling and
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transporting each day for a total of 4 days prior to behavioral
training. On the day of training, rats were transferred to the
behavioral suite in the morning and allowed to remain in their home
cages for approximately 3-5 h before training to minimize the
effects of transfer from the colony room on basal levels of mRNA.
Conditioned ‘Paired’ rats received three conditioning trials consist-
ing of a 20 s, 5 kHz, 75 dB tone that co-terminated with a 1 s,
0.5 mA foot shock. The intertrial interval (ITI) was, on average,
120 s, and the total training time lasted 9 min. ‘Immediate Shock’
control rats were placed in the conditioning chamber and immedi-
ately given three 0.5 mA foot shocks and removed from the training
chamber, a procedure that does not support fear learning (Fanselow
1980). ‘“Tone Only’ rats were placed in the conditioning chamber
and exposed to three tones [20 s, 5 kHz, 75 dB] without receiving
shocks. ‘Box only’ rats were placed in the conditioning chamber for
9 min with no further stimulation. ‘Naive’ control rats were handled
and killed without exposure to further stimulation. For experiments
depicted in Fig. 5, rats were also habituated to the training chamber
for 15 min each day for 4 days. At the appropriate time point for
each experiment, rats were anesthetized with CO, and decapitated.
Brains were removed and immediately frozen on powered dry ice
and stored at —80°C until further processing.

Behavioral testing

Testing for conditioned fear responses (freezing) was performed
24 h after behavioral training (LTM test). For the tone test, rats were
placed in a distinct environment as compared with the training
context. Rats were exposed to three CS tones (5 kHz, 75 dB, 30).
Total seconds freezing during the CS presentations was scored for
each rat, and this number was expressed as a percentage of the total
CS presentation time. For analysis, freezing across each trial was
averaged into a single score for each memory test. For context
memory testing, rats were placed in the original training context.
Total seconds freezing during the context exposure was scored for
each rat, and this number was expressed as a percentage of the total
context presentation. All data were analyzed with anova and
Duncan’s post hoc t-tests. Differences were considered significant if
p <0.05.

LA microdissection

The LA microdissection was performed in a similar fashion as
described above with some important modifications. The fresh
frozen rat brains were mounted anterior face down on a sliding
freezing microtome and tissue was removed to ~ —3.6 Bregma. A
480 pm-thick section was taken between ~ —3.6 to ~ —3.1 Bregma
and the LA was selectively microdissected using an X-ACTO knife.
The dissection was performed on top of a light box to illuminate the
amygdala and surrounding structures allowing for accurate micro-
dissection of the LA.

RNA purification and cDNA synthesis

All tissue samples for qRT-PCR analysis were homogenized in a
microfuge tube with 800 pL. of TRIzol Reagent (Invitrogen,
Carlsbad, CA, USA) with a plastic pestle. RNA isolation was
performed according to the manufacturer’s instructions. To enhance
precipitation, 10 pg of Rnase-free glycogen (Invitrogen) and 1 pL
of Pellet Paint NF were added. The isolated total RNA was DNase
treated in a 100 pL reaction with 6.8 Krunitz Units of DNase |
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(Qiagen, Valencia, CA, USA) for 10 min at 25°C followed by total
RNA purification using the RNeasy MinElute Kit (Qiagen). RNA
purification was performed according to the manufacturer’s instruc-
tions. RNA quantities were measured using a NanoDrop (NanoDrop
Products, Wilmington, DE, USA). Approximately 100 ng of total
RNA was converted to cDNA for each sample in a 20 pL reaction
using 250 nM of random hexamer primers (Invitrogen), 1 pL
reverse transcriptase (Genisphere, Hatfield, PA, USA), and 1 pL
SUPERaseeln (Ambion). The reactions were incubated for 2 h at
42°C, and then inactivated by the addition of 3.5 pLL 50 mM EDTA/
5M NaOH for 10 min at 65°C. The pH was normalized to
physiological pH by the addition of 5 pL. of 1 M Tris pH 7.4. The
samples were precipitated using Pellet Paint NF, and re-suspended
in 100 pL Tris—EDTA buffer and stored at —20°C. 1 pL of prepared
cDNA was used per 16 pL qRT-PCR reaction.

Quantitative real-time PCR

qRT-PCR was performed using the AACt method as described
previously (Ploski ef al. 2006) using Quantitect SYBR Green
(Qiagen) and a ABI 7900 instrument (Applied Biosystems, Foster
City, CA, USA) with either custom designed primers (see Fig S2) at
a concentration of 300 nM or QuantiTect PCR primers purchased
from Qiagen (see Fig S3), at the concentration recommended by the
manufacturer in 16 pL reaction volumes. For qRT-PCR performed
with custom primers, the default settings of the ABI 7900 instrument
(Applied Biosystems) were used, with the following modifications:
cycling parameters, where for 40 cycles were 94°C for 2 s, 60°C for
30 s, 72°C for 30 s. For qRT-PCR performed with QuantiTect PCR
primers the default settings of the ABI 7900 instrument were used,
with the following modifications as recommended by Qiagen:
cycling parameters for 40 cycles were 94°C for 15 s, 56°C for 30 s,
76°C for 30 s with data collection only during the annealing phase.
For all qRT-PCR experiments, all samples were run in triplicate and
relative gene concentrations were normalized against GAPDH levels.
Custom gene specific primers were designed using Primer3 Software
and primers used are listed in the Supporting information. Where
appropriate, the data were analyzed using analysis of variance
(aNnova) and the Duncan’s post-hoc test or a two-tailed #-test.
Differences were considered significant if p < 0.05. For the most
accurate representation of qRT-PCR experimental data variance, all
qRT-PCR data are represented as the average threshold cycle (Ct)
difference values for each group after normalization to GAPDH, with
the error bars representing the standard error of the mean for each
group. Corresponding data tables include the average fold change
values which result from the transformation of the raw qRT-PCR data
using the equation; 2(verage Ct difference value) — ayera06 fold change.

In situ hybridization

In situ hybridization was performed as previously described
(Newton et al. 2003; Ploski et al. 2008). Briefly, slide mounted
cryostat cut frozen sections (15 pm) were hybridized with *>S-
radiolabeled antisense probes at 55°C for 14—-18 h. Slide mounted
sections were then washed, air-dried, and slides were exposed to
Biomax MR autoradiographic film (PerkinElmer, Waltham, MA,
USA) for 2-14 days. Relative gene expression changes were
determined using ImageJ (US National Institutes of Health,
Bethesda, MD, USA; http://rsb.info.nih.gov/ij/). Gene expression
intensity was normalized against film background for each section,
and averages were determined for at least two sections per slide per
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rat. Data were analyzed using a two-tailed #-test. Differences were
considered significant if p < 0.05.

The DNA templates for transcription of RNA radioactive probes
were generated by PCR amplification using gene-specific primers
(see Fig S4). The reverse primer includes a T7 template sequence.
Rat hippocampal cDNA was used as the template for PCR, which
was performed in a MJ-Mini Gradient Thermal Cycler (BioRad,
Hercules, CA, USA) using the Quantitect Sybr Green PCR kit
(Qiagen). The PCR product was purified by ethanol precipitation
and was resuspended in TE buffer. One microgram of the 300 bp
PCR product was used to produce radiolabeled probe using a T7-
based in vitro transcription kit (Megashortscript; Ambion) using
[**S]CTP (1.5 uCi). Removal of unincorporated nucleotides after
the in vitro transcription reaction was performed using sepharose
spin columns (Roche, Indianapolis, IN, USA).

Drug

SL327 (Tocris Bioscience, Ellisville, MO, USA) was solubilized in
dimethylsulfoxide and injected intraperitoneally at a dose of 40 mg/
kg 1 h before behavioral training. Injection volumes were 0.5 mL.

Results

Identification of genes induced during hippocampal LTP
In out first series of experiments, rats were anesthetized and
implanted with a bipolar stimulation electrode into the
angular bundle of the perforant path. Thirty minutes after
implantation, rats were given HFS. Relative to LFS controls,
we observed that HFS of the perforant path resulted in robust
gene expression in the dentate gyrus. In total, we identified
34 genes that met criteria for inclusion in the data analysis
(see Materials and methods) (Table 1). We collectively refer
to these genes as ‘plasticity-associated genes’. Approxi-
mately one-third of these genes are DNA-binding transcrip-
tion factors, one-third enzymes, and one-third are genes that
are involved in cellular signaling or have other miscellaneous
functions. Importantly, we not only identified a number of
genes that have been previously identified to be induced
following LTP induction, such as Fos, Egrl, Jun, Nrdal,
Nrda2, Arc/Arg3.1, Gadd45b, which underscores the validity
of our screen, but we also identified numerous genes that
have not been previously indentified to be induced following
in vivo LTP, including Npas4, Atf3, Perl, Ardl, Tiparp,
Tribl, and many others (Table 1).

Considering that microarray screens are notorious for
containing false positives, we placed a premium on
secondary confirmation utilizing a combination of qRT-
PCR and in situ hybridization. We found most of the genes
to be significantly regulated in the dentate gyrus following
HFS of the perforant path as compared with LFS of the
perforant path, as determined by qRT-PCR using gene
specific primers (two-tailed #-test, p < 0.05) (Table 1).
Although in general the qRT-PCR data and DNA micro-
array data reflect similar average fold changes between HFS
and LFS samples, there are differences. This is likely due to

Journal Compilation © 2009 International Society for Neurochemistry, J. Neurochem. (2010) 112, 636—650



640 | J. E. Ploski et al.

Table 1 Identification of genes induced during dentate gyrus LTP

Microarray gRT-PCR
Official gene Average tTest Average GenBank
symbol fold change SEM p-value fold change Official full name Accession #

Transcription factors

Egr2 61.7 5.6 2.3E-05 170.5 NM_053633 Early growth response 2

Npas4 28.2 3.9 1.4E-04 76.2 NM_153626 Neuronal PAS domain protein 4

Fos 17.6 1.9 1.0E-04 40.8 NM_022197 FBJ osteosarcoma oncogene

Egr4 12.8 1.2 9.3E-05 20.0 NM_019137 Early growth response 4

Nr4a1 11.0 1.7 49E-04 8.0 NM_024388 Nuclear receptor subfamily 4, group A, member 1

Atf3 10.0 4.2 8.2E-03 9.3 NM_012912 Activating transcription factor 3

Egr1 9.9 0.7 2.8E-05 11.9 NM_012551 Early growth response 1

Junb 6.6 11 1.1E-03 11.9 NM_021836 Jun B proto-oncogene

Nrda2 4.3 1.5 1.6E-02 n.d. NM_019328 Nuclear receptor subfamily 4, group A, member 2

Jun 3.7 0.3 6.2E-05 7.8 NM_021835 Jun oncogene

Per1 3.6 0.8 5.7E-03 3.8 NM_001034125  Period homolog 1 (Drosophila)

Ddit3 3.3 0.4 7.6E-04 3.0 NM_001109986 DNA-damage inducible transcript 3
Structural/trafficking

Arc 10.1 0.7 2.7E-05 14.9 NM_019361 Activity-regulated cytoskeleton-associated protein
Enzymes

Dusp5 6.6 11 1.2E-03 194 NMJ.33578 Dual specificity phosphatase 5

Rffl 5.7 0.9 9.6E-04 n.d. NM_001004068  Ring finger and FYVE like domain containing protein

Arfal 5.7 0.3 2.3E-06 9.0 NM_001107052 ADP-ribosylation factor 4-like

Rnf39 5.2 1.3 5.9E-03 6.8 NM_134374 Ring finger protein 39

Rasllla 4.5 0.7 1.7E-03 9.5 NM_001002829 RAS-like family 11 member A

Tiparp 4.2 0.9 49E-03 4.5 NM_001107679  TCDD-inducible poly(ADP-ribose) polymerase

Ppplri5a 3.6 0.3 1.6E-05 3.8 NM_133546 Protein phosphatase 1, regulatory (inhibitor) subunit 15A

Ptgs2 3.2 1.2 4.0E-02 n.d. NM_017232 Prostaglandin-endoperoxide synthase 2

Sat1 3.2 0.3 3.5E-05 2.6 NM_001007667  Spermidine/spermine Nl-acetyl transferase 1

Mat2a 3.0 0.3 2.5E-04 3.0 NM_134351 Methionine adenosyltransferase Il, alpha

Peli1 2.9 0.4 2.4E-03 n.d. NM_001100565  Pellino 1
Signaling/misc

Irs4 7.6 1.2 7.7E-04 n.d. XM_235721 Insulin receptor substrate 4

RGD1564664 6.7 0.3 2.1E-06 14.8 NM_001110055  Similar to LOC387763 protein

Btg2 6.4 0.9 6.9E-04 7.9 NM_017259 B-cell translocation gene 2, anti-proliferative

Gadd45b 5.6 1.8 8.6E-03 10.4 NM_001008321 Growth arrest and DNA-damage-inducible, beta

ler2 5.4 1.3 4.3E-03 7.6 NM_001009541 Immediate early response 2

Gadd45g 4.6 1.3 9.0E-03 6.5 NM_001077640  Growth arrest and DNA-damage-inducible, gamma

Trib1 3.4 1.2 3.0E-02 11.2 NM_023985 Tribbles homolog 1 (Drosophila)

lers 2.4 0.2 1.4E-04 n.d. NM_001025137 Immediate early response 5

Trim35 2.4 0.3 8.1E-04 n.d. NM_001025142  Tripartite motif-containing 35

Fami20b 2.2 0.1 2.5E-04 n.d. NM_001107466  Family with sequence similarity 120B

Urethane anesthetized rats were implanted with a bipolar stimulation electrode into the perforant path. Thirty minutes after implantation, rats were
given high frequency stimulation (HFS), which results in potentiation of dentate gyrus synapses, or low frequency stimulation (LFS) to match the
tetanus without inducing LTP. Thirty minutes following stimulation, rats were killed and the dentate gyrus was microdissected from 480 um coronal
sections. RNA was purified, amplified and hybridized to Rat Operon oligo microarrays (n = 4), representing ~ 27 000 transcripts. Identified genes
up-regulated upon HFS versus LFS are listed by official gene symbol, into categories: transcription factors, structural/trafficking, enzymes, and
signaling/miscellaneous. The average fold change, standard error of the mean (SEM), and t-test p-value for the microarray results are listed next to
each gene (see Materials and methods for inclusion criteria). The average fold change for each gene as determined by qRT-PCR secondary
confirmation is listed to the right and was found to be significant (p < 0.05), data not shown (see Fig S1). n.d = not determined. Official full name for
each gene is listed. See Fig S1 for additional information.

the fact that the RNA samples for the microarray were qRT-PCR results are not identical. In addition, different
amplified (see Materials and methods) which can cause samples were utilized for these different methodologies
minor distortions in RNA levels and thus explain why the which can also introduce variability.
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In addition to qRT-PCR, we performed in situ hybridization
for 14 randomly chosen plasticity-associated genes on coronal
rat brain slices 30 min following HFS of the perforant path to
emphasize the convincing change in gene expression (Fig. 1).
In all cases, we observed an unambiguous induction of gene
expression within the dentate gyrus on the side of the brain
that received HFS (ipsilateral). In some experiments, we
compared expression of a select number of genes following
HFS to that of LFS (Fig. 1a—c). All genes showed statistically
significant gene expression differences between the HFS and
LFS groups as measured by the ratio of gene expression
between ipsilateral dentate gyrus compared with the contra-
lateral dentate gyrus of the HFS brains versus the ratio of
ipsilateral dentate gyrus compared with the contralateral
dentate gyrus of the LFS brains. Error bars represent SEM,
n =3, p <0.05. Notably, rats that received LFS did not
exhibit gene expression differences between the ipsilateral or
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contralateral sides (Fig. 1b). In other experiments, rats
received HFS of the perforant path followed by gene
expression analysis of the side of the brain ipsilateral to the
stimulation to that on the contralateral side (Fig. 1d—f). As
before, we observed an unambiguous induction of gene
expression within the dentate gyrus on the side of the brain
that received HFS (ipsilateral) relative to the contralateral side
of the brain. Error bars represent SEM, n = 3, p < 0.05.

Identification of genes induced in the LA following fear
conditioning

In our next series of experiments, we performed extensive
gene expression profiling for the plasticity-associated genes
identified in our first experiments on LA tissue following
auditory fear conditioning. Although it is not feasible to test
every plasticity-associated gene in every experiment, we
have attempted to test a representative set of the most
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Fig. 1 Analysis of genes induced during dentate gyrus LTP via in situ
hybridization. Urethane anesthetized rats were implanted with a
bipolar stimulation electrode into the perforant path. Thirty minutes
after implantation, rats were given HFS (n = 3) or LFS (n = 3). Thirty
minutes following stimulation, rats were killed and cryostat-cut coronal
thin sections containing the dentate gyrus were probed with radioac-
tive oligonucleotide gene-specific probes. Probes were allowed to
hybridize for 14-18 h and were exposed to film for 1-2 weeks. Gene
expression in the dentate gyrus was quantified using Image J soft-
ware. (a) Bar graph represents gene expression differences as
determined by in situ hybridization for four genes (Arc, Fos, Ppp1r15a,
Trib1), comparing the gene expression between the ratio of ipsilateral
dentate gyrus compared to the contralateral dentate gyrus of the HFS
brains versus the ratio of ipsilateral dentate gyrus compared with the
contralateral dentate gyrus of the LFS brains. Error bars represent
SEM. (b) Representative in situ hybridization images of the HFS in-
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duced gene induction (left panel) versus LFS induced gene induction
(right panel) for selected genes represented in (a). Arrow designates
the ipsilateral side. Unambiguous gene expression induction appears
on the HFS, ipsilateral side. (c) All genes exhibited statistically sig-
nificant gene expression differences between the HFS and LFS
groups. n=3, p < 0.05. (d) Bar graph depicts gene expression dif-
ferences as determined by in situ hybridization between ipsilateral
dentate gyrus versus the contralateral dentate gyrus for 10 additional
genes. (e) All genes represented in (d) exhibited statistically significant
gene expression differences between the ipsilateral and contralateral
sides, error bars represent SEM, n = 3, p < 0.05. (f) Representative
in situ hybridization images of HFS induced gene induction in the
ipsilateral dentate gyrus versus the contralateral dentate gyrus for
the 10 genes represented in (d). Arrow designates the ipsilateral
side. Unambiguous induction of gene expression appears within the
ipsilateral dentate gyrus.
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robustly regulated genes. To maximize the chance for
success, we ensured that all LA tissue samples were
meticulously microdissected to limit gene dilution/negation
effects (Fig. 2a and Methods). Further, the highly sensitive
technique of qRT-PCR was utilized to examine gene
expression changes in our samples.

Time course of gene expression changes in the LA following

fear learning

In our first set of fear conditioning experiments, we sought to
determine the time course of gene expression induction for a
subset of plasticity-associated genes. Following condition-
ing, rats were removed from the conditioning chamber,
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Fig. 2 Gene expression induced within the LA following Pavlovian
fear conditioning (a) Depiction of microdissected LA from a 480 pm
coronal section. i. tissue slice before dissection, ii. tissue slice after
dissection, iii. LA tissue dissected, scale bar = 500 um. B = Basal
nucleus of the amygdala, PRh = perirhinal cortex, CPu = Caudate/
Putamen. (b) Schematic of the behavioral protocol. Rats were habit-
uated to handling for 4 days, fear conditioned (FC) with three tone-
shock pairings and were killed either 30, 90, or 180 min following
conditioning. A naive group was included that was not conditioned. An
additional group of rats was conditioned and tested for long term fear
memory 24 h later. (c) Rats exhibit little freezing behavior before the
presentation of the tone, but exhibit significant freezing during each
tone presentation as compared to pre-tone freezing (n = 4; p < 0.05;
Duncan'’s test). Error bars represent SEM. (d) Time course analysis of
mRNA expression in the LA, 30, 90, or 180 min following fear condi-
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tioning utilizing gRT-PCR. All six plasticity-associated genes exhibited
significant increases in gene expression relative to the naive group
following conditioning as determined by anova (n=8). Error bars
omitted for clarity. (e) Data table for experiments depicted in (d), where
the time points that are represented in bold/underline are significant
(p < 0.05; Duncan’s test). The anova p-value is given for each gene. (f)
qRT-PCR average Ct differences for an additional 12 plasticity-asso-
ciated genes regulated by F.C. relative to a naive group (naive group
normalized to zero). The housekeeping gene Ppia, which is not a
plasticity-associated gene, is not regulated. Error bars represent SEM.
(g9) Associated data table for experiment depicted in (f) with average
fold changes between fear conditioning and naive groups. All 12
plasticity-associated genes exhibited significant gene expression
changes following fear conditioning as compared to a naive control
group (n = 8; p < 0.05; two tailed t-test).
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returned to their home cages and killed at either 30, 90, or
180 min following conditioning (Fig. 2b). A naive group
was also included that was not conditioned. An additional
group of rats was conditioned and tested for long-term fear
memory 24 h later. Notably, rats in this group exhibited little
freezing behavior before the presentation of the tone, but
exhibited significant freezing during each of the tone
presentations as compared with pre-tone freezing (n = 4;
p < 0.05; Duncan’s test) (Fig. 2¢). Rats do not freeze to the
tone if they had not been previously conditioned (data not
shown). Gene expression analysis via qRT-PCR revealed a
robust increase in LA gene expression 30 min following fear
conditioning for most of the genes tested. Specifically, Egr2,
Arc/Arg3.1, Nrda2, and Perl, exhibited a significant increase
in gene expression at 30 min which typically slowly tapered
off by 180 min (n = 8; p < 0.05; Duncan’s test). Interest-
ingly, Rnf39 and Satl exhibited a slow rate of gene expression
induction that peaked at 180 min post fear conditioning
(n = 8; p < 0.05; Duncan’s test) (Fig. 2d and e).

Considering that most of the genes we tested in Fig. 2d
were observed to exhibit significant induction of gene
expression 30 min following conditioning, we went on to
examine whether fear conditioning promoted significant
increases in 12 additional genes in the LA at this time point
(Fig. 2f and g), including Fos, Egr4, Tiparp, Ppplrl5a,
RGD1564664, Arfal, Egrl, Ptgs2, Pelil, ler2, Mat2a, and
the housekeeping gene Ppia. Relative to naive controls, all
genes examined, with the exception of Ppia, exhibited a
significant increase in expression (Fig. 2f and g).

Training-specific regulation of gene expression changes in
the LA following fear learning

In our next series of experiments, we asked whether the
observed training-induced changes in identified genes were
specific to tone-shock pairing. Rats were habituated to
handling for 4 days, followed by fear conditioning with three
tone-shock pairings. As an additional control, a separate
group of rats were presented with three immediate foot
shocks. These ‘immediate shock’ control rats receive the
same number and intensity of foot shocks as do rats in the
traditional conditioning paradigm, but the shocks are given
immediately when the rat is placed in the conditioning
chamber. Importantly, this type of protocol does not support
associative learning (Fanselow 1980), and is therefore useful
for determining whether a gene is regulated by associative
learning or by exposure to shock alone. A third group was
not trained and served as a naive control. A subset of these
rats were killed 30 min post-conditioning for gene expres-
sion analysis and a subset were used for behavioral analysis
for long-term fear memory tested 24 h later (Fig. 3a).
Notably, rats that received the immediate shock treatment
exhibited little to no freezing upon presentation of the
auditory cue as compared with fear conditioned rats (n = 4;
p < 0.05; Duncan’s test) (Fig. 3b). Further, rats that received
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the immediate shock treatment exhibited significantly less
freezing to the training context as compared with the rats that
were fear conditioned (n =4; p < 0.05; two-tailed #-test)
(Fig. 3c¢), indicating that the rats that received the immediate
shocks did not learn to associate the context with the foot
shock.

Gene expression analysis via qRT-PCR comparing fear
conditioned, immediate shock or naive rats revealed a robust
increase in LA gene expression 30 min following fear
conditioning for 16 plasticity-associated genes (Fig. 3d and
e). The aNova revealed a significant effect for group (n = 8,
p < 0.05) for all 16 plasticity-associated genes tested, with
the fear conditioned group being significantly different from
the naive controls (p < 0.05; Duncan’s test). The expression
of at least seven plasticity-associated genes in fear condi-
tioned groups was also observed to be significantly different
from immediate shock controls (p < 0.05; Duncan’s test),
including Fos, Atf3, Egr2, Arc/Arg3.1, Gadd45g, Nr4a2, and
JunB (Fig. 3d and e). Another three genes showed a clear
trend toward significance (p < 0.10), including Nr4al, Btg2,
and Egr4. These findings are consistent with the hypothesis
that Pavlovian fear conditioning regulates many of these
genes, and the degree of regulation is not simply a result of
exposure to foot shock alone.

In our initial experiments, we compared gene expression
in rats that received paired presentations of tone and shock to
that in those receiving either immediate shock or to no
stimulation. In this next experiment, we asked whether
exposure to tone alone might regulate gene expression in the
LA. Further, given that ‘paired’ rats in our initial experiments
were not pre-exposed to the conditioning chambers prior to
fear learning, the possibility remains that many of the genes
that we observed to be regulated in the LA following fear
learning may instead have been driven by the novelty of the
conditioning chamber. Indeed, in a separate experiment
(Fig S5), we found several genes to be regulated following
exposure to the novel conditioning chamber alone. In that
experiment, rats were either habituated to handling for 4 days
prior to fear conditioning or habituated to both handling and
to the conditioning chamber for 4 days prior to fear
conditioning. Relative to a group of naive rats, rats exposed
to the novel conditioning chamber exhibited significant
increases in the expression of Fos, Egr2, and Arc, an effect
which was reduced, but not completely eliminated, by pre-
exposure to the chamber. Importantly, paired rats exhibited
significantly higher expression of all genes relative to box
controls whether they were pre-exposed to the conditioning
chamber or not (Fig. S5).

To address the remaining question of whether tone
stimulation alone might regulate gene expression in the LA,
rats in the present experiments were habituated to handling
and to the training chamber for 4 days prior to condition-
ing. On the training day, one group of rats was conditioned
with three tone-shock pairings, one group was presented
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Fig. 3 Analysis of gene expression induced within the LA following
Pavlovian fear conditioning and foot shock. (a) Schematic of the
behavioral protocol. Rats were habituated to handling for 4 days
followed by fear conditioning or three immediate foot shocks (I.S.)
and were killed 30 min later. All groups were compared against a
separate group of naive rats. Additional groups of rats that received
either I.S. or F.C. were tested for long term fear memory 24hrs later.
(b) Rats that received I.S. exhibit significantly less freezing upon
presentation of the auditory cue as compared to the F.C. group
(n =4; *p < 0.05; Duncan’s test). Error bars represent SEM. (c) Rats
that receive 1.S. freeze significantly less to the training context as
compared to the rats that were fear conditioned (n=4; *p < 0.05;
two-tailed t-test). Error bars represent SEM. (d) Gene expression

with three tones (‘Tone only’; T.O.). A third group was
simply placed into the training chamber, but received no
stimulation (‘Box’). A subset of these rats was killed
30 min post-training, and gene expression analysis was
performed on LA tissue. A second subset was used for
behavioral testing for long-term fear memory 24 h later
(Fig. 4a). Notably, the ‘tone only’ rats were not observed to
freeze to the presentation of the tone when tested for LTM.
In contrast, rats that were conditioned with three tone-shock
pairings exhibited a robust freezing response during tone
presentation on the testing day (n = 4; p < 0.05; Duncan’s
test) (Fig. 4b).

Gene expression analysis via qRT-PCR comparing fear
conditioned, tone only or box-exposed rats revealed a robust
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analysis via qRT-PCR comparing F.C. (n = 8), I.S. (n = 8) or naive
rats (n = 8) revealed a robust increase in LA gene expression 30 min
following fear conditioning for 16 plasticity-associated genes. Graph
of qRT-PCR average Ct differences between F.C., I.S. and Naive
groups (naive group normalized to zero). Error bars represent SEM.
(e) Associated data table for experiment depicted in (d) with average
fold changes between F.C., I.S. and naive groups. All genes tested
exhibited statistically significant changes as revealed by anova
(n=8, p<0.05). Gene expression in the F.C. group was signifi-
cantly different from the naive group for all 16 genes tested
(p < 0.05; Duncan’s test). Numerous plasticity-associated genes also
were significantly different between the |.S. and F.C. groups
(p < 0.05; Duncan'’s test).

increase in LA gene expression 30 min following fear
conditioning for five plasticity-associated genes (Fig. 4c and
d). The aNova revealed a significant effect for group (n = 8,
p < 0.05) for all five plasticity-associated genes tested, with
the fear conditioned group exhibiting significantly more gene
expression than the tone only or box control groups
(p < 0.05; Duncan’s test) (Fig. 4c and d). An additional
analysis of seven genes showed significant increases in gene
expression in fear conditioned rats relative to those receiving
tone alone [Fig. 4e and f (n = 8, p < 0.05)].

Collectively, our findings are consistent with the hypoth-
esis that Pavlovian fear conditioning, rather than exposure to
tone alone, immediate shock alone, or to the conditioning
chamber, regulates many of these plasticity-associated genes.
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Fig. 4 Analysis of gene expression induced within the LA following
Pavlovian fear conditioning and tone presentation. (a) Schematic of
the behavioral protocol. Rats were habituated to handling and to the
training chamber, ‘Box’ for 4 days. On the training day, one group of
rats received F.C. (n = 8), one group was presented with three tones
(Tone Only, ‘T.O.”; n = 8) and one group was simply placed into the
training chamber (‘Box’; n=8). A subset of these rats was killed
30 min post-training and subset was used for behavioral testing 24 h
later. (b) T.O. rats do not freeze significantly before or after the pre-
sentation of the tone when tested for LTM. In contrast, rats that re-
ceived F.C. exhibit a robust freezing response during tone
presentation, but not before (n=4; *p < 0.05; Duncan’s test). (c)
Gene expression analysis via qRT-PCR comparing fear conditioned,
Tone only and Box only rats revealed a robust increase in LA gene
expression 30 min following fear conditioning for 5 plasticity-associ-

ERK/MAPK regulation of conditioning-induced gene
expression in the LA

Previous reports have implicated the extracellular-regulated
kinase/mitogen-activated protein kinase (ERK/MAPK) sig-
naling cascade in the consolidation of fear memories within
the LA (Schafe et al. 2000, 2005). The requirement for the
ERK/MAPK pathway for plasticity and memory consolida-
tion is due at least in part to its role in providing a functional
link between the post-synaptic membrane and nuclear gene
expression changes mediated by CREB, which are thought to
be critical for inducing the structural and functional changes
that underlie LTP and LTM (Impey et al. 1998; Dolmetsch
et al. 2001). Considering the ERK/MAPK pathway is
essential for CREB mediated gene expression in neurons
and both ERK/MAPK and CREB are essential in the LA for
fear memory consolidation (Josselyn et al. 2001; Han et al.
2007, 2009), we examined whether the plasticity-associated
genes we identified to be regulated by fear conditioning
within the LA are downstream of ERK/MAPK signaling.
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ated genes tested. Graph of qRT-PCR average Ct differences be-
tween Box, T.O. and F.C. groups (naive group normalized to zero).
Error bars represent SEM. (d) Associated data table for experiment
depicted in (c) with average fold changes among Box, T.O. and F.C.
groups. ANOVA revealed a significant effect for group (n = 8, p < 0.05)
for all five plasticity-associated genes tested, with the conditioned
group exhibiting significantly more gene expression than the Tone only
or Box only control groups (p < 0.05; Duncan’s test). (e) Graph of
gRT-PCR average Ct differences between T.O. and F.C. groups for an
additional set of genes (T.O. group normalized to zero). Error bars
represent SEM. (f) Associated data table for experiment depicted in (e)
with average fold changes between T.O. and F.C. groups. All seven
plasticity-associated genes exhibited significant gene expression
changes following fear conditioning as compared to a T.O. control
group (n = 8; p < 0.05; two tailed t-test).

Rats were habituated to handling for 4 days. On the day of
training, rats received an intraperitoneal injection of either
vehicle or the ERK/MAPK inhibitor SL327 at a dose that has
previously shown to inhibit ERK/MAPK activation and
long-term fear memory formation (Atkins ef al. 1998). One
hour after injection, rats were conditioned with three tone-
shock pairings followed by killing 30 min later. A third
group of rats received intraperitoneal injection of vehicle and
were killed 1.5 h later to serve as a naive control group
(Fig. 5a).

Gene expression analysis via qRT-PCR for 13 plasticity-
associated genes was performed on LA tissue comparing fear
conditioned-SL.327 rats, fear conditioned-vehicle rats, and
naive-vehicle rats (Fig. 5b and c). The anova revealed a
significant effect for group (n =8, p <0.05) for all 13
plasticity-associated genes tested, with the SL327-fear con-
ditioned rats being significantly different from both the
vehicle-fear conditioned rats and vehicle-naive rats
(p < 0.05; Duncan’s test). Ten plasticity-associated genes
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Fig. 5 Analysis of ERK/MAPK regulation of conditioning induced LA
gene expression. (a) Schematic of the behavioral protocol. Rats
were habituated to handling for 4 days. On the day of training one
group of rats received an intraperitoneal (i.p.) injection of SL327.
Another group of rats received an i.p. injection of the vehicle. One
hour after the injections, the rats received F.C. and were killed
30 min later. A third ‘naive’ group of rats received i.p. injections of
the vehicle and were killed 1.5 h after the injections. (b) Gene
expression analysis via qRT-PCR for 13 plasticity-associated genes
were performed on LA tissue comparing the F.C.-SL327 group, F.C.-
vehicle group, and the naive-vehicle group. Graph of qRT-PCR
average Ct differences among F.C.-SL327 group, F.C.-vehicle
group, and naive-vehicle group (naive-vehicle group normalized to

exhibited significant differences between the fear condi-
tioned-SL327 group and the fear conditioned-vehicle group
(p < 0.05; Duncan’s test). Notably, Gadd45g exhibited no
reduction in gene expression with SL327 administration.
Atf3 and Tribl exhibited a non-significant trend toward
reduction of gene expression with SL327 administration.
These findings are consistent with the hypothesis that
Pavlovian fear conditioning regulates many of these genes
in an ERK/MAPK-dependent fashion.
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zero), Error bars represent SEM. (c) Associated data table for
experiment depicted in (b) with average fold changes of the F.C.-
SL327 and F.C.-vehicle groups compared to the naive-vehicle
group. The anova revealed a significant effect for group (n=8,
p < 0.05) for all 13 plasticity associated genes tested, with the fear
conditioned-SL327 group being significantly different from the naive-
vehicle group (p < 0.05; Duncan’s test). 10 plasticity-associated
genes tested exhibited significant differences between the fear
conditioned-SL327 group and the fear conditioned-vehicle group
(p < 0.05; Duncan'’s test). Notably Gadd45g exhibited no reduction in
gene expression with SL327 administration. Atf3 and Trib1 exhibited
a non-significant trend toward reduction of gene expression with
SL327 administration.

Discussion

Most recent studies aimed at defining the cellular and
molecular mechanisms of Pavlovian fear conditioning have
focused on protein kinase signaling pathways (Schafe and
LeDoux 2000; Schafe et al. 2001) and the transcription
factor CREB (Josselyn et al. 2001; Malkani et al. 2004; Han
et al. 2007, 2009) that promote fear memory consolidation in
the LA. Despite this progress, relatively little remains known
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about the downstream genes required for long-term fear
memory formation. The experiments in the present study
were designed to identify a set of genes that are induced
during the first wave of transcription following Pavlovian
fear conditioning within the LA.

In the present study, our goal was to identify a list of genes
whose expression could be reliably reproduced within brain
circuits relevant to learning and memory. In our experiments,
we chose to first use microarray techniques to identify genes
regulated by LTP in the dentate gyrus, an experimental model
of synaptic plasticity that is highly robust and reproducible,
that exhibits a high signal-to-noise ratio, and that shares
many biochemical features in common with fear learning in
the LA. While a number of other studies have examined
plasticity-induced gene expression within the hippocampus
(Nedivi et al. 1993; Hevroni et al. 1998; Matsuo et al. 2000,
Park et al. 2006; Havik et al. 2007; Coba et al. 2008), there
have been no published reports of a genome wide microarray
analysis of dentate gyrus following in vivo LTP induction in
the anesthetized rat. By utilizing hippocampal LTP induction
as a tool, we were able to identify 34 plasticity-associated
genes that were robustly expressed following HFS of the
perforant path. Notably, 24 of these plasticity-associated
genes were also found to be induced within the LA following
Pavlovian fear conditioning. These data are encouraging
since we not only identified a number of genes previously
implicated in learning and memory, including Fos (Yasoshi-
ma et al. 2006), Egrl (Jones et al. 2001; Malkani et al.
2004), Perl (Sakai et al. 2004), Arc/Arg3.1 (Plath et al.
2006; Ploski et al. 2008), Nr4a2 (Colon-Cesario et al. 2006),
and Ptgs2 (Cowley et al. 2008), but we also identified many
others that have not been previously shown to be regulated
by learning and memory. Further, only 10 of the 34
plasticity-associated genes that we identified have been
previously been found to be up-regulated within the amyg-
dala following fear conditioning (Ressler e al. 2002; Keeley
et al. 2006) (see Fig. S6).

Many of the genes that we examined in the LA appeared
to be regulated in a training-specific manner, exhibiting
enhanced expression in paired rats relative to those exposed to
either shock alone, tone alone, or the training context alone.
Nonetheless, while all of the genes we examined were found to
be increased in paired animals relative to those receiving tone
alone, not all were found to be increased relative to immediate
shock controls. This pattern of findings may indicate that there
are two populations of genes in our sample — those that are
associatively regulated and therefore correlated with fear
learning, and those that are not correlated with learning per se.
In practice, however, this interpretation is not as straightfor-
ward as it would appear. One important caveat of the use of an
immediate shock control, for example, is that it assumes
(possibly incorrectly) that the expression of a given gene does
not reach a maximum induction or ‘ceiling effect’. For
example, if differences are not detected between the imme-
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diate shock group and the fear conditioned groups, it may be
because the gene is maximally transcriptionally activated and
further ‘learning’ induced gene expression is not possible. If
this is the case, then little can be interpreted by the lack of
difference between these two groups. Further, it is likely the
case that the ‘ceiling’ for a particular gene is sensitive to
factors such as the strength of the training protocol, suggesting
that the use of a uniform training protocol may not be sufficient
to tease apart differences in learning versus shock-induced
gene expression for a large sample of genes. In our own qRT-
PCR experiments, for example, we found no detectable
difference in the expression of Egrl between immediate shock
controls and animals that had received fear conditioning. This
negative finding stands in contrast to previous reports that
have shown that Egrl expression in the LA is necessary for
fear learning and/or memory consolidation (Malkani and
Rosen 2000; S. A. Maddox, M. S. Monsey, J. E. Ploski and
G. E. Schafe, unpublished observations). Collectively, this
pattern of findings suggests that while the approach of
attempting to correlate changes in gene expression with
behavioral outcomes is important, it can never be sufficient.
Ultimately, specific gene knockdown or manipulation of each
of these genes in the LA will be required to unambiguously
determine their individual roles in fear learning and memory.

Previous studies have shown that fear conditioning in the
LA requires calcium entry via NMDAR and L-type voltage-
gated calcium channels (Miserendino et al. 1990; Rodrigues
et al. 2001; Bauer et al. 2002), ERK activation (Schafe et al.
2000), and the transcription factor CREB (Josselyn et al.
2001; Han ez al. 2007, 2009). In the present study, we also
showed that a large subset of the plasticity-associated genes
regulated by fear conditioning in the LA are ERK-dependent.
Given this pattern of findings, it is reasonable to speculate
that the genes found to be regulated by fear learning in the
LA in the present study are likely be downstream of CREB
activation and regulated by neuronal activity dependent
increases in intracellular calcium. To examine this hypoth-
esis, we analyzed two publically available gene expression
datasets (GSE62540 and GSE11256) designed to investigate
neural activity and calcium mediated increases in gene
expression in rat or mouse cortical neurons grown in culture
(Xiang et al. 2007; Lin et al. 2008). Notably, 25 of the 34
plasticity-associated genes we identified in this study were
found to be neuronal activity-dependent, where, in most
cases, gene expression was dependent on NMDAR and L-
type voltage-gated calcium channels (Xiang ef al. 2007).
Further, 22 of the 34 plasticity-associated genes we identified
have been previously shown to contain a full cCAMP response
element (CRE) within their promoters, and/or have been
shown to bind CREB directly (Impey ef al. 2004; Zhang
et al. 2005). In addition to these 22 genes, 10 more genes
contain an un-conserved half-site CRE within their promoter
genes (Zhang et al. 2005). Further research is required to
determine if these are CREB-regulated genes (see Fig. S6).
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Collectively these data support the hypothesis that the
majority of the plasticity-associated genes we identified are
calcium, ERK/MAPK and CREB-dependent.

Interestingly, previous studies have suggested that some of
these genes may have paradoxical effects on learning when
they are deleted. For example, mice engineered to have a
conditional forebrain specific Egr2 deletion do not show
learning deficits and in some cases exhibit memory enhance-
ments (Poirier et al. 2007). Importantly, caution should be
used when assigning a particular role to a gene, such as
enhancing or perturbing memory, since biological adapta-
tions can occur to compensate for the deletion of a particular
gene. In addition, some of these genes likely modulate
homeostatic plasticity mechanisms that contribute to the
proper functioning of the neuron by maintaining precise
control of cellular excitability (Turrigiano 2008). For
example, the protein Arc/Arg3.1 functions to endocytose o-
amino-3-hydroxy-5-methylisoxazole-4-propionate (AMPA)
receptors, which at first glance would appear to be a
counterintuitive mechanism for memory formation (Chow-
dhury et al. 2006; Shepherd et al. 2006). However, when
these findings are considered in light of with Arc’s well
established role in memory consolidation (Guzowski et al.
2000; Plath et al. 2006; Ploski et al. 2008), they underscore
the importance of regulating synaptic strength and cellular
excitability of neurons for proper memory formation.

Exactly how these individual genes function to contribute
to neuronal plasticity and memory formation is largely
unknown. Notably, approximately one-third of the plasticity-
associated genes that we have identified are transcription
factors, which supports the hypothesis that there is at least
one more wave of transcription during the consolidation
phase of memory. These transcription factors are, at least in
part, likely to transcribe necessary synaptic proteins that are
needed to stabilize potentiated synapses and support the
morphological changes during learning and memory that
occur at dendritic spines. In addition, some of the plasticity
associated genes are likely to contribute to mechanisms of
homeostatic plasticity and other yet discovered mechanisms.
Future studies will be designed to answer how each of these
genes contributes to neural plasticity and fear memory
consolidation.
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