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Growth arrest and DNA damage-inducible b (Gadd45b) has been shown to be involved in DNA demethylation and may be

important for cognitive processes. Gadd45b is abnormally expressed in subjects with autism and psychosis, two disorders

associated with cognitive deficits. Furthermore, several high-throughput screens have identified Gadd45b as a candidate plas-

ticity-related gene. However, a direct demonstration of a link between Gadd45b and memory has not been established. The

current studies first determined whether expression of the Gadd45 family of genes was affected by contextual fear condition-

ing. Gadd45b, and to a lesser extent Gadd45g, were up-regulated in the hippocampus following contextual fear conditioning,

whereas Gadd45a was not. Next, Gadd45b knockout mice were tested for contextual and cued fear conditioning. Gadd45b

knockout mice exhibited a significant deficit in long-term contextual fear conditioning; however, they displayed normal

levels of short-term contextual fear conditioning. No differences between Gadd45b knockout and wild-type mice were ob-

served in cued fear conditioning. Because cued fear conditioning is hippocampus independent, while contextual fear con-

ditioning is hippocampus dependent, the current studies suggest that Gadd45b may be important for long-term

hippocampus-dependent memory storage. Therefore, Gadd45b may be a novel therapeutic target for the cognitive deficits

associated with many neurodevelopmental, neurological, and psychiatric disorders.

Activity-dependent neural plasticity refers to the changes that oc-
cur in neural networks in response to stimulation (Bruel-
Jungerman et al. 2007). Plasticity-related genes are important
for long-term memory acquisition, maintenance, and expression
(Bliss and Collingridge 1993; Bruel-Jungerman et al. 2007). Upon
neural stimulation, several genes are immediately up-regulated;
these immediate early genes (IEGs) include c-Fos and Zif268 (for
review, see Sheng and Greenberg 1990). A subset of these IEGs en-
code proteins that contribute to synaptic plasticity by acting as
transcription factors that regulate the expression of other
plasticity-relatedgenes (Perez-Cadahiaetal.2011).Transcriptional
up-regulation and de novo protein synthesis are required for long-
term memory storage (Bourtchuladze et al. 1994; Abel et al. 1997).
An additional transcriptional regulatory mechanism is DNA
methylation, which occurs primarily at the cytosine residue of
cytosine-phosphate-guanine (CpG) dinucleotides. This phenom-
enon can physically hinder transcription-factor binding (Yu
et al. 2011). Expression of the growth arrest and DNA-damage-in-
ducible b (Gadd45b) gene, also known as myeloid differentiation
primary response gene (MyD118), increases after neural stimula-
tion (Nedivi et al. 1993; Hevroni et al. 1998; Ploski et al. 2006;
Lemberger et al. 2008; Ma et al. 2009b) and is up-regulated by
fear conditioning (Keeley et al. 2006). Gadd45b is important for
the process of active demethylation of the promoter regions of se-
lect genes (Ma et al. 2009a,b; Wu and Sun 2009). Because DNA
methylation restricts access of transcription factors to promoter
regions, promoter demethylation can make these regulatory re-
gions more accessible to transcription-factor binding. Gadd45b

may therefore be critical for the neuronal response to activity
and may affect the transcription of IEGs and their downstream
targets through a positive feedback loop initiated by promoter
demethylation.

The Gadd45b gene encodes a small (18-kDa) protein original-
ly observed to play an important role in myeloid cellular response
to cytokine exposure (Abdollahi et al. 1991). The functions as-
cribed to Gadd45b include hematopoietic cell differentiation
and growth arrest (Liebermann and Hoffman 1998). The first
study to suggest that Gadd45b may be a gene related to synaptic
plasticity was conducted by Nedivi et al. (1993), who found an in-
crease in hippocampal Gadd45b gene expression and other
plasticity-associated genes, such as c-Fos and Zif268, after kainic
acid-induced seizures. They concluded that Gadd45b may be
a plasticity-related gene since multiple studies have shown that
seizures induce synaptic changes similar to those seen with learn-
ing and long-term potentiation (LTP), the putative cellular corre-
late of learning-related plasticity (for review, see Ben-Ari and
Represa 1990). A subsequent study demonstrated that Gadd45b in-
duction after kainate-induced seizures was through a cyclic-aden-
osine monophosphate response element-binding protein (CREB)-
dependent mechanism (Lemberger et al. 2008). CREB is a tran-
scription factor critical for hippocampus-dependent long-term
memory formation (Bourtchuladze et al. 1994). In addition, in-
creased Gadd45b expression was observed after LTP induction
(Hevroni et al. 1998) alongside other well-established plasticity-
related genes, including Bdnf, Arc, c-Fos, and Zif268. Other manip-
ulations that induce Gadd45b expression are exposure to a novel
environment and exercise (Ma et al. 2009b), as well as electrocon-
vulsive treatment (Ploski et al. 2006; Ma et al. 2009b). The afore-
mentioned behavioral manipulations all induce neural plasticity
(Ben-Ari and Represa 1990; Moser et al. 1993; Stranahan et al.
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2007). Thus, behavioral manipulations shown to induce Gadd45b
gene expression are associated with changes in neural plasticity,
but no studies to date have evaluated the functional contributions
Gadd45b may make to synaptic plasticity and memory.

Understanding the effects of Gadd45b on cognitive processes
may aid comprehension of and treatment for disorders with cog-
nitive symptoms. Gene expression analysis has revealed reduced
Gadd45b expression in brains of subjects with autism (Garbett
et al. 2008). Autism is a developmental disorder characterized by
social interaction deficits, communication deficits, and stereo-
typed behaviors along with abnormal cortical development/orga-
nization (Bailey et al. 1998) and specific perturbations in cognitive
processes (Baron-Cohen 2004; Akshoomoff 2005). A reduction in
Gadd45b in autistic brains may have functional consequences on
cell cycle regulation, leading to alterations in brain size, structure,
and function. Tissue from autistic subjects also exhibits altered
DNA methylation patterns (Nguyen et al. 2010), which may be a
consequence of deficient levels of Gadd45b. Subjects with autism
display cognitive disturbances (Baron-Cohen 2004; Akshoomoff
2005) and altered Gadd45b expression may contribute to the cog-
nitive symptoms associated with this disorder. Epigenetic abnor-
malities have also been identified for disorders that present with
psychotic symptoms (Pidsley and Mill 2011). Patients with psy-
chosis express a wide variety of DNA methylation alterations
(Mill et al. 2008). Furthermore, Gadd45b gene expression is up-
regulated in this patient population, with reduced binding at
the Bdnf promoter (Gavin et al. 2011b). Subjects with psychosis/
schizophrenia display cognitive disturbances (Barch 2005), and
differences in Gadd45b expression and/or function may contrib-
ute to some of these symptoms as well.

The present studies sought to determine the functional con-
tribution of Gadd45b to learning and memory using Gadd45b mu-
tant mice (Gupta et al. 2005). Experiment 1 (A and B) evaluated
the induction of Gadd45 family genes (Gadd45a, Gadd45b, and
Gadd45g) in C57BL/6J male mice after contextual fear condition-
ing, a behavioral paradigm known to induce multiple IEGs and
synaptic plasticity-related genes such as c-Fos, Zif268, Bdnf, and
Arc (Keeley et al. 2006; Lubin et al. 2008; Czerniawski et al.
2011). Experiment 1, A and B, examined changes in Gadd45 fam-
ily gene expression after two different training protocols to test
whether the results are robust across different training protocols.
Experiments 2–4 tested Gadd45b knockout (KO) mice in contex-
tual and cued fear conditioning to determine the effect of this mu-
tation on hippocampus-dependent and independent learning
paradigms.

Results

Experiment 1: Hippocampal

Gadd45 family gene expression in

male C57BL/6J mice after contextual

fear conditioning
Preliminary high-throughput gene ex-
pression experiments performed from
mouse hippocampi 30 min after contex-
tual fear conditioning indicated that
gene expression of Gadd45b in the hip-
pocampus was regulated at an early
time point during memory consolida-
tion (data not shown). Therefore, in Ex-
periment 1A, we investigated whether
gene expression of Gadd45b and its fam-
ily members, Gadd45a and Gadd45g,
were altered in the hippocampus during
memory consolidation after a single

footshock presentation (1.5 mA) administered in a novel context
(contextual fear conditioning). We found that Gadd45b and
Gadd45g gene expression was increased in the hippocampus
30 min after contextual conditioning: t(14) ¼ 9.885, P , 0.05 and
t(14) ¼ 5.117, P , 0.05, respectively, whereas Gadd45a gene ex-
pression remained unchanged: t(14) ¼ 0.3393, P . 0.05 (Fig. 1A).
To test whether altering the training procedures produced differ-
ent changes in Gadd45 family gene expression, we conducted a
follow-up experiment (Experiment 1B, shown in Fig. 1B) using a
different conditioning paradigm (2 × 0.57-mA footshocks). Fur-
ther, a context exposure-only control was included to determine
whether context learning alone was enough to drive gene-expres-
sion changes (with or without shock presentation). Omnibus
analysis of Gadd45 family gene-expression changes after these
behavioral paradigms (homecage, context-only exposure, or fear
conditioning) revealed a significant effect of treatment on
Gadd45b gene expression: F(2,15) ¼ 20.000, P , 0.05. Tukey’s post-
hoc comparisons revealed that both context-only exposure and
fear conditioning significantly increased Gadd45b gene expres-
sion (P , 0.05). Neither context-only exposure nor fear condition-
ing significantly affected Gadd45a or Gadd45g gene expression:
F(2,15) ¼ 0.09197, P . 0.05 and F(2,15) ¼ 3.115, P . 0.05, respec-
tively. Our findings indicate that hippocampal Gadd45b is
up-regulated during memory consolidation following contextual
learning, and that Gadd45g can be up-regulated following contex-
tual fear conditioning under certain training protocols.

Experiments 2–4: Short-term and long-term contextual

fear conditioning in Gadd45b mutant mice and Gadd45

gene family expression in Gadd45b mutant mice
Based on our gene-expression analysis, we sought to determine
whether Gadd45b is important for hippocampus-dependent
memory by evaluating mice that lack the Gadd45b gene (Gupta
et al. 2005) in contextual fear conditioning. Gadd45b KO mice
exhibited significantly less freezing to context 24 h after condi-
tioning in the long-term memory test compared with wild-type
(WT) mice (34+3.3%, n ¼ 10 and 49+5.7%, n ¼ 7, respectively):
t(15) ¼ 2.374, P , 0.05 (Fig. 2). Gadd45b KO mice did not differ in
short-term memory compared with WT controls when tested 1 h
after conditioning (20+5.1%, n ¼ 7 and 26+4.8%, n ¼ 9, respec-
tively): t(14) ¼ 0.7826, P . 0.05 (Fig. 3), suggesting that the deficits
are specific to tasks that require de novo protein synthesis. RT–
qPCR was used to confirm that Gadd45b expression was eliminat-
ed in these mice and that other family members were not compen-
sating for this deletion (Fig. 4).

Figure 1. Comparison of hippocampal Gadd45 family gene expression after contextual fear condi-
tioning in C57BL/6J mice. (A) Gadd45b and Gadd45g mRNA were up-regulated in the hippocampus
after contextual fear conditioning (1.5-mA footshock) compared with homecage (handled-only) con-
trols. (B) Gadd45b mRNA was up-regulated in the hippocampus after contextual fear conditioning
(2 × 0.57-mA footshocks) and context-only exposure compared with homecage (handled-only) con-
trols. Error bars, +SEM. (∗) Significantly different from the homecage (handled-only) group (P , 0.05).
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Experiment 4: Long-term cued fear conditioning

in Gadd45b mutant mice
To determine whether long-term memory deficits were confined
to hippocampus-dependent tasks, we evaluated Gadd45b mutant
mice for cued fear conditioning, which depends on the amygdala
but not the hippocampus (Logue et al. 1997). Gadd45b KO mice
did not differ in cued conditioning compared with WT controls
when tested 24 h after conditioning (56+8.0%, n ¼ 7 and 51+

6.0%, n ¼ 9, respectively): t(14) ¼ 0.588, P . 0.05 (Fig. 5), suggest-
ing that the observed deficits in contextual conditioning are
specific to hippocampus-dependent memory. Intact cued fear
conditioning demonstrates sensory processing and motor func-
tion within the normal range and shows that fear memories can
be learned and expressed normally.

Discussion

The present studies identify Gadd45b as an important gene for
long-term hippocampus-dependent memory formation. Previous
research showed Gadd45b induction in the hippocampus follow-
ing various manipulations that induce synaptic changes (Nedivi
et al. 1993; Hevroni et al. 1998; Ploski et al. 2006; Lemberger
et al. 2008; Ma et al. 2009b). However, the role of this gene in
synaptic plasticity as related to learning and memory processes
was previously unknown. The current studies demonstrate a rapid
and selective induction of Gadd45b gene expression in the
hippocampus of C57BL/6J male mice 30 min after two distinct
contextual fear-conditioning protocols and after context-only
exposure, indicating a link between Gadd45b gene induction and
exploration of a novel context. Furthermore, we determined that
Gadd45b is functionally important for long-term hippocampus-
dependent memory by evaluating Gadd45b KO mice in contextual
fear conditioning 24 h after training. Gadd45b KO mice exhibited a
deficit in long-term hippocampus-dependent memory compared
with WT mice, indicating that Gadd45b plays a key role in long-
term memory. Gadd45b is selectively important for long-term
hippocampus-dependent memory formation, which requires de
novo protein synthesis (Abel et al. 1997; Bourtchouladze et al.
1998) and may be associated with active DNA demethylation
(Lubin et al. 2008). Gadd45b KO mice showed no differences in
short-term contextual fear conditioning 1 h after training com-
pared with WT mice, a protein-synthesis-independent task (Abel
et al. 1997; Bourtchouladze et al. 1998). Further, Gadd45b KO
mice exhibited similar levels of delay-cued fear conditioning as
WT mice, which has been demonstrated to be hippocampus inde-
pendent (Phillips and LeDoux 1992; Logue et al. 1997). Normal
delay-cued fear conditioning demonstrates that these mice are

equally fearful after exposure to footshock, as assessed by their
ability to exhibit the species typical fear response (freezing). This
finding indicates that Gadd45b is not required for long-term
hippocampus-independent memory, but instead is selectively im-
portant for long-term hippocampus-dependent memory.

The hippocampal gene-expression changes during memory
consolidation that were observed in Experiment 1 prompted us
to assess the importance of Gadd45b for successful memory con-
solidation. Since Gadd45b gene expression has also been reported
in the amygdala (Keeley et al. 2006), characterization of Gadd45b
mutant mice in both contextual and cued fear conditioning
was warranted. We observed no functional consequences of
Gadd45b deletion in cued fear conditioning, a task that relies on
the amygdala but not the hippocampus (Phillips and LeDoux
1992). There is a well-established dissociation between contextual
and cued conditioning, such as differential susceptibility to phar-
macological disruption. For example, contextual fear condition-
ing is more sensitive than auditory cued fear conditioning to
disruption by amnesic agents such as MK-801 (Gould et al.
2002; Goeldner et al. 2009) and scopolamine (Anagnostaras
et al. 1999). Since hippocampus-dependent memories may be dif-
ferentially more sensitive to disruption than hippocampus-inde-
pendent memories, the selective impairment in contextual fear
conditioning exhibited by Gadd45b KO mice is in line with this
dissociation.

The Gadd45 family of genes encode proteins that function as
DNArepair moleculesandmaybecritical for theprocess ofde novo
gene promoter demethylation, with Gadd45a being the best char-
acterized in this regard (Barreto et al. 2007; Ma et al. 2009a). The
putative mechanism whereby Gadd45 family gene products con-
tribute to demethylation is by coupling deaminases and DNA
base excision repair mechanisms (Rai et al. 2008). Despite its estab-
lished role in DNA demethylation, however, Gadd45a showed no
gene expression changes after any behavioral manipulation in
the current studies. Further, Gadd45g gene expression was induced
bysome,butnot allof the behavioral manipulations reportedhere.
The current findings indicate that Gadd45a likely plays no role and
that Gadd45g might play a role in contextual memory consolida-
tion, but this effect would require further investigation.

Recent evidence demonstrated that contextual fear condi-
tioning induces increased Bdnf gene expression and protein syn-
thesis through Bdnf promoter demethylation (Lubin et al. 2008).
Because of its role in activity-dependent synaptic plasticity
(Bramham and Messaoudi 2005; Soule et al. 2006), BDNF signal-
ing is regarded as a possible cellular correlate of hippocampus-de-
pendent learning and memory (Linnarsson et al. 1997; Hall et al.
2000; Lu et al. 2008). Based on the work of Ma et al. (2009b),
Gadd45b may be important specifically for the activity-dependent
demethylation of the promoter region of the Bdnf gene, leading to

Figure 2. Comparison of long-term (24-h) contextual fear conditioning
in Gadd45b WT and KO mice. Gadd45b KO mice froze significantly less to
the context than WT mice. Error bars, +SEM. (∗) Significantly different
from WT (P , 0.05).

Figure 3. Comparison of short-term (1-h) contextual fear conditioning
in Gadd45b WT and KO mice. Gadd45b KO mice froze to the same extent
to the context as WT mice. Error bars, +SEM.
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subsequent increases in gene and protein expression. Gadd45b
may therefore directly contribute to the activity-dependent Bdnf
promotor demethylation observed after contextual fear condi-
tioning (Lubin et al. 2008), thereby increasing gene expression,
protein synthesis, and plasticity-related signaling. The results of
the current studies suggest that Gadd45b plays a crucial role in
long-term hippocampus-dependent memory formation. One
mechanism whereby Gadd45b may be important for memory is
through its putative involvement in active DNA demethylation.
Evidence for a direct role of Gadd45b in modulating Bdnf gene ex-
pression was recently demonstrated in Gadd45b KO mice, which
showed decreased Bdnf gene expression and increased Bdnf pro-
moter methylation (Gavin et al. 2011a), implicating Gadd45b in
the modulation of Bdnf gene expression through a DNA demethy-
lation mediated pathway.

Abnormal expression of Gadd45b has recently been impli-
cated in neurological and psychiatric disorders. Reduced cortical
Gadd45b expression was reported in subjects with autism
(Garbett et al. 2008), a neurological disorder characterized by
cognitive symptoms (Baron-Cohen 2004; Akshoomoff 2005).
Differences in DNA methylation patterns observed in autism
(Nguyenetal. 2010)maybea potential consequenceof aberrations
in Gadd45b expression. Individuals with psychosis also exhibit dif-
ferences in global DNA methylation status (Mill et al. 2008) as well
as increased Gadd45b gene and protein expression, with concomi-
tant decreases in promoter binding (Gavin et al. 2011b). Therefore,
Gadd45bmaybeanovel target for drugdiscovery research inthe fu-
ture. In fact, there is recent evidence that group II metabotropic
glutamate receptor agonists and other antipsychotic agents may
increase Gadd45b expression and protein levels (Matrisciano
et al. 2011). Further, atypical antipsychotics show some efficacy
in treating some of the symptoms of autism and may have benefi-
cial effects on cognition (Barnard et al. 2002; Nikolov et al. 2006;
Aman et al. 2008). Gadd45b is an intriguing gene that is important
for active DNA demethylation, a mechanism potentially regulat-
ing the expression of other immediate early genes involved in syn-
aptic plasticity and long-term memory. Additional studies will
elucidate the extent to which activity-dependant DNA demethyla-
tion is involved in the cellular basis of learning and memory pro-
cesses and show what role Gadd45b may play in these processes.

Materials and Methods

Subjects
For Experiment 1A, 8-wk-old male C57BL/6 mice (Jackson
Laboratories, Bar Harbor, ME) arrived at the University of
Pennsylvania and were allowed to acclimate for at least 1 wk to
a temperature and humidity-controlled vivarium with ad libitum

access to standard rodent chow and water. Mice were single
housed for 1 wk and were gently handled for 3 d immediately pri-
or to training. Mice were conditioned between 9 and 20 wk of age.
All procedures were approved by the University of Pennsylvania
Institutional Animal Care and Use Committee. For Experiment
1B, animal housing and behavioral treatments were similar, but
were conducted at Temple University, and all procedures were ap-
proved by the Temple University Institutional Animal Care and
Use Committee.

For Experiments 2–5, Gadd45b KO and WT mice were origi-
nally obtained from the Temple Medical School (creation reported
in Gupta et al. 2005). To ensure consistent background strain be-
tween WT and KO mice for behavioral comparison, Gadd45b KO
mice were backcrossed to C57BL/6 mice (Jackson Laboratories,
Bar Harbor, ME) in the Gould laboratory for five generations
(N5) prior to filial heterozygous × heterozygous matings and con-
duct of subsequent fear-conditioning experiments (i.e., mice were
generation N5F1-2). This backcrossing regimen is estimated to
have produced mice .95% genetically identical to C57BL/6
mice (Conner 2002). For Experiments 2–4, mice were bred and
maintained at Temple University. Male and female mice were
weaned at 21 d of age and tested at 8–12 wk. Mice were main-
tained in a temperature and humidity-controlled vivarium with
ad libitum access to standard lab chow and water. Mice were single
housed the week before testing, and gently handled for 3 d imme-
diately preceding training. All procedures were approved by the
Temple University Institutional Animal Care and Use Committee.

Apparatus
For Experiment 1A, fear conditioning was performed at the
University of Pennsylvania. The conditioning chamber (Med-
Associates) was 31.8 × 25.4 × 26.7 cm, and all walls were made
of Plexiglas. This training box was inside a larger Med-Associates
opaque cubicle. The floor consisted of stainless-steel grid rods
3.2 mm in diameter, spaced 0.5 cm apart. A fan provided back-
ground noise at 70 dB. Footshock was delivered by a Med-
Associates solid-state shock source and grid floor scrambler that
delivered a constant current (1.5 mA).

For Experiments 1B and 2–4, fear-conditioning training and
contextual fear-conditioning testing took place at Temple
University in Plexiglas (26.5 × 20.4 × 20.8 cm) conditioning
chambers containing stainless-steel rod grid floors (2-mm diame-
ter) spaced 1.0 cm apart. Grid floors were connected to a scrambled
shock generator (Med-Associates) that delivered 0.57-mA foot-
shocks. Conditioning chambers were controlled by a computer
running LabView software. Conditioning chambers were housed
inside sound-attenuating cubicles (Med-Associates) containing a
house light (4 watt) and ventilation fan that produced a constant
white noise (65 dB) and provided air circulation. Cued fear condi-
tioning testing (Experiment 4) took place in separate chambers (an
altered context) of a different size (20 × 23 × 19 cm) contained
within sound-attenuating cubicles (Med-Associates) located in a
different room from conditioning chambers. The altered context
chambers differed in construction such that they had Plexiglas

Figure 4. Comparison of hippocampal Gadd45 family gene expression
after contextual fear conditioning in Gadd45b KO and WT mice. Gadd45a
and Gadd45g were unchanged in KO animals compared with WT controls,
while Gadd45b expression was completely eliminated. Error bars, +SEM.

Figure 5. Comparison of long-term (24-h) cued fear conditioning in
Gadd45b WT and KO mice. Gadd45b KO mice froze to the same extent
to the cue as WT mice. Error bars, +SEM.

The role of Gadd45b in long-term memory
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front and back walls, aluminum side walls, and a flat plastic floor.
Additionally, vanilla extract was added to alter the olfactory stim-
uli present in the chambers. All chambers were cleaned with 70%
ethanol before and after each use.

Experiment 1: Hippocampal Gadd45 family gene expression

in male C57BL/6J mice after contextual fear conditioning

RNA isolation after fear conditioning

For Experiment 1A, fear conditioning was performed with a single
2-sec footshock (1.5-mA) terminating 2 min and 30 sec after intro-
duction to the novel context. Thirty seconds after the shock, mice
were removed from the novel context and placed back in their
holding room. Hippocampi were dissected 30 min after training
into RNAlater (Qiagen) and frozen on dry ice. RNA was extracted
using the miRNeasy kit according to the manufacturer’s protocol
(Qiagen) and frozen at 280˚C. This kit allows isolation of total
RNA, including, but not limited to miRNA. Methods were de-
signed and modeled after previous experiments (Vecsey et al.
2007). For Experiment 1B, fear conditioning was performed
with two 2-sec footshock (0.57-mA) presentations, separated by
a 148-sec intertrial interval. Thirty seconds after the last shock,
mice were removed from the novel context and placed back in
their holding room. Context-only exposure controls received
identical time in the conditioning chamber in the absence of
any footshock.

cDNA synthesis and RT–PCR

RNA concentration was determined using a NanoDrop spectro-
photometer (Thermo Scientific), and 1 mg of RNA was used in
each RETROscript (Ambion) cDNA synthesis reaction with ran-
dom decamers, 10× RT Buffer, and no heat denaturation, accord-
ing to the manufacturer’s protocol. cDNA reactions were diluted to
2 ng/mL inwater, andreal-time RT–PCRreactionswere prepared in
384-well optical reaction plates with optical adhesive covers (ABI).
Each reaction was composed of 5.4 mL of cDNA (2 ng/mL), 6 mL
of 2× Taqman Fast Universal Master Mix (ABI), and 0.6 mL of one
of the following Taqman probes: Gadd45a - Mm00432802_m1,
Gadd45b - Mm00435123_m1, Gadd45g - Mm00442225_m1,
Gapdh - Mm99999915_g1, Hprt - Mm01545399_m1, Tuba4a -
Mm00849767_s1 for Experiment 1A and 2.25 mL of cDNA, 2.5 mL
of master mix, and 0.25 mL of probe for Experiment 1B.
Reactions were performed in triplicate on the Viia7 Real-Time
PCR system (Life Technologies). Relative quantification of gene
expression between handled-only and fear-conditioned mice was
performed using the DDCt method as described previously
(Vecsey et al. 2007). Briefly, the difference between each Ct and
the average Ct for that gene was subtracted from the average of
three housekeeper genes treated in the same manner.

Experiments 2–4: Long-term and short-term contextual

fear conditioning in Gadd45b mutant mice and evaluation

of Gadd45 gene family levels in Gadd45b mutant mice
Long-term contextual fear conditioning requires distinct neural
processes from short-term contextual fear conditioning, such
that long-term contextual fear conditioning requires de novo
protein synthesis (Abel et al. 1997). Based on the hypothesis
that Gadd45b is important for DNA demethylation leading to
increased gene expression and de novo protein synthesis, we eval-
uated mice for short-term and long-term contextual fear condi-
tioning. Mice were trained in contextual fear conditioning as
previously described (Kenney et al. 2010). Mice were placed into
conditioning chambers and allowed to explore for 2 min and
28 sec before receiving the unconditioned stimulus (US,
0.57-mA footshock) for 2 sec. Immediately following the shock,
an intertrial interval of 2 min and 28 sec elapsed, after which a
second US occurred. Mice were left in the chamber for 30 sec after
the last shock and then returned to their home cage. Mice were re-
turned to the training context 24 h after training (Experiment 2;

long-term) or 1 h after training (Experiment 3; short-term) and as-
sessed for freezing to the context for 5 min. Freezing to the con-
text was used as a measure of contextual memory. For Gadd45
family gene expression (Experiment 4), 30 min after training
mice were killed and RNA isolation, cDNA synthesis, and RT–
PCR were performed as described in Experiment 1A.

Experiment 5: Long-term cued fear conditioning

in Gadd45b mutant mice
Mice were placed into conditioning chambers (as described
above) and allowed to explore for 2 min, at which time a condi-
tioned stimulus (CS, white noise, 85 dB) was presented continu-
ously for 30 sec and coterminated with the unconditioned
stimulus (US, shock) lasting 2 sec. After the CS–US pairing,
2 min elapsed prior to a second CS–US pairing. Mice were re-
turned to their home cages 30 sec after the second CS–US pairing.
Twenty-four hours after fear conditioning, mice were placed into
an altered context and assessed for freezing for 3 min. After 3 min,
the CS was presented continuously for an additional 3 min.
Freezing prior to the CS (altered context freezing) was used as a
measure of generalized freezing, while freezing during the CS
was used as a measure of fear memory (Gould and Lewis 2005).

For all behavioral experiments, mice were sampled for freez-
ing once every 10 sec, and this measure was used as the dependent
variable. Freezing was defined as lack of all movement other
than respiration (Blanchard and Blanchard 1969). All testing
was conducted by an experimenter blind as to the genotypes of
the mice.

Statistical analysis
For qPCR experiments, all data were normalized to appropriate
control genes (e.g., Gapdh, Hprt, and Tuba4a) and then expressed
as a fold change over homecage (handled-only) control group
(for Experiment 1, A and B) or as a fold change over WT (for
Experiment 4). For Experiments 1A and 4, independent samples
t-tests compared hippocampal tissue from mice that remained in
their homecage with fear-conditioned mice or between genotype.
For Experiment 1B, one-way ANOVA compared gene expression
after various treatments (homecage, context-only exposure, and
fear conditioned). Significant omnibus tests were followed up by
Tukey’spairwisecomparisonstodeterminethenatureofanysignif-
icant effects. For fear-conditioning studies, independent samples
t-tests were used to compare the percentage of time spent freezing
between WT and KO mice, which was calculated as the number
of times observed freezing divided by the total number of sampled
time points expressed as a percentage of time spent freezing.
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