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Biological pathway diagrams resemble causal graphs
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Neurofibromatosis type I (NF1) is an autosomal domi-
nant disorder caused by mutations in the NF1 gene,
leading to a variety of abnormalities in cell growth and
differentiation, and to learning disabilities. The protein
encoded by NF1, neurofibromin, has several biochemi-
cal functions and is expressed in a variety of different
cell populations. Hence, determination of the molecular
and cellular mechanisms that underlie the different NF1
symptoms is difficult. However, studies using mouse
models of NF1 are beginning to unravel the mechan-
isms that underlie the various symptoms associated
with the disease. This knowledge will aid the develop-
ment of treatments for the different pathological pro-
cesses associated with NF1.

Neurofibromatosis type I (NF1) is a common autosomal
dominant disorder, affecting approximately one in every
3500 individuals (for reviews see [1,2]), and is one of the
most common single-gene disorders influencing neurologi-
cal function in humans [3]. Mutations in the NF1 gene
result in abnormal cell growth and differentiation, with a
variety of symptoms, typically including benign neuro-
fibromas, hyperpigmentation of melanocytes, and hamar-
tomas of the iris [1,2]. The benign neurofibromas can
develop into malignant peripheral-nerve-sheath tumors
(MPNSTs). Furthermore, in the brain,NF1mutations can
result in astrogliosis and astrogliomas, and in learning
disabilities that occur in 40–60% of patients with NF1
[4,5]. Visual-spatial function appears to be most compro-
mised, although problems with language skills, executive
function, attention and motor coordination are also
common (for reviews see [4,5]).

Effects of NF1 mutations in humans and mice
The NF1 gene encodes a 250 kDa protein called neuro-
fibromin, which has several known biochemical functions,
including activation of the Ras GTPase [6–8], modulation
of adenylyl cyclase [9,10], andmicrotubule association [11]
(Fig. 1). The human andmouse forms of neurofibromin are
highly homologous (98% sequence similarity) [12], as are
the promoter sequences of the gene, suggesting that both
the biochemistry of the protein and the transcriptional
regulation of the gene are conserved across species [12,13].
Although investigation of all the symptoms of NF1 in a
single mouse model has proven difficult, the ability to

dissociate some of the symptoms from others in particular
mouse models (Table 1) has often been an advantage in
studies of the disease. The effects of NF1 mutations in
humans andmice show interesting parallels. For example,
in mice and probably in humans, the complete loss of
neurofibromin is lethal [14,15]. Also, NF1 mutations lead
to tumor formation in both humans and mice. Aged mice
heterozygous for a targeted disruption of the Nf1 gene
(Nf1 þ/2 ) have an increased incidence of phaeochromo-
cytomas, andmyeloid leukemias, two phenotypes observed
in NF1 patients. Moreover, mice carrying Nf1 2/2

mutations in particular cell populations develop neuro-
fibromas [16,17] andmice that carry linked (cis) mutations
in Nf1 and p53 develop soft tissue sarcomas, namely
MPNSTs [16,18]. Skin pigmentation problems have also
been observed in mice and humans [19]. Chemically
challenging Nf1 þ/2 mice with either a skin cancer
initiator or a tumor promoter results in abnormalities in
skin pigmentation and proliferation [20]. In addition,NF1
mutations result in abnormal brain function in both
species. As described for NF1 patients [21], mice carrying

Fig. 1. The interactions of neurofibromin (NF1) with different signaling pathways.
NF1 has several known biochemical functions, including activation of the Ras
GTPase, modulation of adenylyl cyclase (AC), and microtubule association. Ras
activates several effector molecules, including the Ral GDP-dissociation stimulator
(Ral-GDS), Raf and phosphatidylinositol 3-kinase (PI3K). Abbreviation: GEF,
guanine-nucleotide exchange factor.
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Also, it is not known how the observed 
E-I imbalance leads to attention deficits. 
Understanding the mechanisms involved will 
strengthen the case that GIT1 is implicated in 
ADHD. Finally, it is of note that the authors 
acknowledged that the Git1 /  mice model 
‘specific aspects of ADHD’3. The genotypic and 
phenotypic diversity of ADHD suggests that 
we will need several different mouse models 
to faithfully model the complex genetics and 
behavior associated with this disorder.

Despite all of these cautionary notes, it is 
clear that mice with mutations in Git1 will 
be invaluable tools to probe the mechanisms 
of hyperactivity in ADHD. More generally, 
mechanistic multidisciplinary studies carried 
out in mouse models of other psychiatric and 
neurological conditions are playing an impor-
tant part in current efforts to understand and 
develop treatments for these diseases. The work 
by Won et al.3 provides a clear example of the 
power and advantages of well-designed parallel 
experiments in mice and humans.
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of drug studies in mice, this result reminds us 
that there is a long history of parallels between 
the neuropharmacology of humans and mice.

Nevertheless, there are caveats of model-
ing psychiatric disorders in mice, especially 
highly polygenic disorders such as ADHD11. 
Beyond environmental factors, large numbers 
of rare mutations are likely to contribute to the 
incidence of ADHD. Thus, GIT1 mutations 
may account for only a very small number of 
ADHD cases in children. Moreover, the hyper-
activity and learning phenotypes were detected 
only in Git1 /  mice; the heterozygous mutants 
seemed normal. People with ADHD as a result 
of homozygous mutations in GIT1 are likely to 
be extremely rare.

to reverse attention deficits in Nf1-mutant 
mice8, and it has also successfully reversed def-
icits in learning and memory and synaptic plas-
ticity in mouse models of NF1 and trisomy 21  
(refs. 9,10). Therefore, recovering the correct 
E-I balance in the adult human brain could be 
a potential therapeutic option for ADHD.

Although the work by Won et al.3 does not 
provide definitive proof that mutations in GIT1 
cause ADHD in people, it is a solid first step in 
this direction. The parallels between the mouse 
and human studies are notable; specifically, the 
fact that stimulants can reverse ADHD and 
improve learning in both children and Git1 /  
mice is worth highlighting. At a time when there 
are doubts emerging about the predictive value 

Figure 1  Loss of GIT1 reduces inhibitory presynaptic inputs from parvalbumin-positive interneurons. 
GIT1 is thought to regulate the development of fast-spiking, parvalbumin-positive interneurons through 
PIX-RAC1-PAK signaling. Won et al.3 show that deletion of Git1 in mice destabilizes PIX proteins and 
subsequently reduces the activity of RAC1 and PAK. This results in decreased inhibitory presynaptic 
input, thus causing an imbalance in the E-I ratio. This might contribute to the ADHD-like phenotypes 
observed in Git1 /  mice. P, phosphate group. 

Lupberger et al.5 uncover new players in HCV 
entry: receptor tyrosine kinases (RTKs). Because 
this class of cellular enzymes is populated with 
attractive drug targets, this discovery may trans-
late into new avenues for treatment.

For people infected with HCV, improved 
therapeutic options cannot come soon 
enough. HCV often lies undetected in the 
liver for decades before progressing to serious 
outcomes, including fibrosis, cirrhosis and 

Viruses have evolved to use a collection of host 
factors to establish infection in their  target 
organism. In the case of the blood-borne 

 pathogen hepatitis C virus (HCV), much prog-
ress has been made in understanding how this 
enveloped RNA virus enters human hepatocytes. 
Four crucial host factors, scavenger receptor 
B-1 (SCARB1)1, the tetraspanin CD81 (ref. 2),  
the tight junction molecules claudin-1 (ref. 3) 
and occludin4, are known to be required for effi-
cient uptake. However, the sequence of events 
resulting in productive infection is still poorly 
understood. In this issue of Nature Medicine, 
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Locking out hepatitis C
Gisa Gerold & Charles M Rice

Hepatitis C virus puts about 130 million people worldwide at risk for severe liver disease, but no vaccine or broadly 
effective therapy yet exists. A new study identifies receptor tyrosine kinases as host factors required for hepatitis C 
virus entry—potentially opening the door for new antiviral strategies (pages 589–595).
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Magnetic resonance imaging (MRI) has
revealed focal areas of high signal intensity
on T2-weighted images of brains of children
with NF1. Autopsy analysis of the brain re-
gions corresponding to areas of high T2 sig-
nal intensity on MRI performed before
death in two children concluded that the
high-signal intensity lesions on MRI repre-
sented regions containing increased fluid
within the myelin associated with hyper-
plastic or dysplastic glial cell proliferation
(DiPaolo et al., 1995).

Based on these collective findings, it
was proposed that early metabolic abnor-
malities in these brains leads to focal
edema and vacuolization of myelin, which
may be visible as T2 hyperintensities, fol-
lowed by destruction of neurons, and ul-
timately to regression of visible lesions.
Further support for a widespread myelin
disorder model derives from water diffu-
sion MRI, which identified significant in-
creases in brain water diffusion in NF1
patient brains (Eastwood et al., 2001; Al-
kan et al., 2005; Zamboni et al., 2007; van
Engelen et al., 2008; Ferraz-Filho et al.,
2012). When T2 hyperintense lesions
were specifically sampled, greater differ-
ences were observed, underscoring the
notion that these hyperintense MRI ab-
normalities represent focal patches indic-
ative of abnormal myelin.

Macrocephaly is another common fea-
ture of children with NF1 (Friedman and
Birch, 1997; Friedman et al., 1999). Over-
all, macrocephalic subjects showed signif-
icant increases in white matter volumes
(Steen et al., 2001; Cutting et al., 2002),
with increased gray matter volumes vari-
ably observed. One heavily myelinated
tract, the corpus callosum, has been ex-
tensively examined: children with NF1
have significantly larger corpus callosi
compared with controls (Kayl et al., 2000;
Moore et al., 2000), and a larger corpus
callosum size is associated with reduced
IQ (Pride et al., 2010). Even in adults, in-
creased corpus callosum size is found in
brains from NF1 patients (Wignall et al.,
2010). Together, these findings provide evidence for more perva-
sive myelin dysfunction in the brains of individuals with NF1.

Neurofibromin, the NF1 gene product, is widely expressed in the
CNS during early development. By mid-gestation, newly postmi-
totic neurons show increased levels of neurofibromin compared
with less differentiated neuroepithelial cells (Daston and Ratner,
1992; Huynh et al., 1994). In the adult CNS, neurofibromin is
strongly expressed in subsets of neurons, including projection neu-
rons (Nordlund et al., 1993). Oligodendrocytes also express high
levels of neurofibromin (Daston and Ratner, 1992; Daston et al.,
1992). In contrast, astrocytes lack detectable levels of neurofibromin
expression in situ (Daston and Ratner, 1992; Daston et al., 1992;
Nordlund et al., 1993, 1995), but can be induced after injury (Hewett
et al., 1995).

Direct evidence that oligodendrocyte lineage cells can be af-
fected by loss of NF1 expression derives from several studies in
mice: following bi-allelic Nf1 gene inactivation in neuroglial pro-
genitor cells, oligodendrocyte precursors are increased in num-
ber in vitro and in vivo (Bennett et al., 2003; Hegedus et al., 2007).
Consistent with an important role for oligodendrocytes in NF1
biology, Nf1 inactivation in the brain results in increased num-
bers of NG2! glial cells in the mouse brain (Hegedus et al., 2007)
and altered neuron– glial specification (Wang et al., 2012). Cur-
rent studies are aimed at testing how loss of Nf1 expression affects
oligodendrocyte differentiation and function.

Low-grade gliomas in NF1
Gliomas arising in the context of NF1 are largely restricted to the
optic pathway (nerve, chiasm, and radiations) and brainstem of

Figure 1. Neurofibromin signaling pathway regulation. The NF1 gene product, neurofibromin, functions as both a negative
regulator of RAS activity (RAS GAP) and as a positive regulator of AC activity. Impaired neurofibromin function leads to increased
RAS activation, resulting in high levels of RAF/MEK and AKT/mTOR signaling. Similarly, reduced neurofibromin function is associ-
ated with decreased cAMP levels and reduced protein kinase A (PKA) activity. GRD, GAP-related domain.
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A pipeline for stitching empirical results

SYNAPTIC PLASTICITY

Hijacking translation in
addiction
Two studies suggest that the reduced activity of a translation initiation

factor called eIF2a might be partly responsible for the increased risk of

drug addiction seen in adolescents.

ALICIA IZQUIERDO AND ALCINO J SILVA

E
xposure to drugs of abuse – such as nic-
otine and cocaine – changes the brain in

ways that contribute to the downward

spiral of addiction. Adolescents are especially

vulnerable since their newly found independence

is often associated with taking more risks

(Spear, 2000). To make matters worse, adoles-

cence is also characterized by an increased sen-

sitivity to natural rewards and drugs of abuse

(Badanich et al., 2006; Brenhouse and Ander-

sen, 2008; Stolyarova and Izquierdo, 2015).

Experiences with illicit substances alter the

genes that are expressed in the brain, and lead

to increased consumption of these substances.

To date much of the work that has characterized

this insidious cycle has focused on changes in

gene activation, or modifications to proteins

that have already been produced (Robison and

Nestler, 2011). By comparison, much less is

known about how changes in protein synthesis

might contribute to addiction.
Exposure to cocaine leads to persistent

changes in the part of the brain that releases the

chemical dopamine. Specifically, alterations to a

part of the midbrain called the ventral tegmental

area (VTA), along with its connections to other

regions of the brain, are thought to mediate the

transition from recreational to compulsive drug

use and subsequently to addiction (Luscher and

Malenka, 2011). Drugs of abuse make the neu-

rons in the VTA more excitable overall. The

drugs do this by altering two opposing pro-

cesses – both of which involve the translation of

messenger RNAs to produce new proteins – in

ways that ultimately strengthen the connections

between neurons (Ungless et al., 2001;

Lüscher and Huber, 2010).
Now, in two papers in eLife, Mauro Costa-

Mattioli from the Baylor College of Medicine

and colleagues report that a protein that regu-

lates translation is also responsible for much of

the increased risk of addiction seen in adoles-

cent mice and humans. The protein of interest is

a translation initiation factor called eIF2a.
In the first paper, Wei Huang, Andon Placzek,

Gonzalo Viana Di Prisco and Sanjeev Khatiwada –

who are all joint first authors – and other

Copyright Izquierdo and Silva.

This article is distributed under the

terms of the Creative Commons

Attribution License, which permits

unrestricted use and redistribution

provided that the original author and

source are credited.
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CREB regulates spine density of lateral amygdala neurons:
implications for memory allocation
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Neurons may compete against one another for integration into a memory trace.
Specifically, neurons in the lateral nucleus of the amygdala with relatively higher levels
of cAMP Responsive Element Binding Protein (CREB) seem to be preferentially allocated
to a fear memory trace, while neurons with relatively decreased CREB function seem
to be excluded from a fear memory trace. CREB is a ubiquitous transcription factor that
modulates many diverse cellular processes, raising the question as to which of these
CREB-mediated processes underlie memory allocation. CREB is implicated in modulating
dendritic spine number and morphology. As dendritic spines are intimately involved in
memory formation, we investigated whether manipulations of CREB function alter spine
number or morphology of neurons at the time of fear conditioning. We used viral vectors
to manipulate CREB function in the lateral amygdala (LA) principal neurons in mice
maintained in their homecages. At the time that fear conditioning normally occurs, we
observed that neurons with high levels of CREB had more dendritic spines, while neurons
with low CREB function had relatively fewer spines compared to control neurons. These
results suggest that the modulation of spine density provides a potential mechanism for
preferential allocation of a subset of neurons to the memory trace.

Keywords: CREB, amygdala, fear memory, dendritic spines, viral vector

INTRODUCTION
The cAMP Responsive Element Binding Protein (CREB) is an
activity regulated transcription factor that modulates the tran-
scription of genes with cAMP responsive elements (CRE) located
in their promoter regions. Early research in Aplysia (Dash et al.,
1990; Kaang et al., 1993; Bartsch et al., 1995) and D. melanogaster
(Yin et al., 1994, 1995; Perazzona et al., 2004) first implicated
CREB in memory formation. Since that time, the important role
of CREB in memory has been shown across a variety of species
from C. elegans (Kauffman et al., 2010; Lau et al., 2013) to
rats (Guzowski and McGaugh, 1997; Josselyn et al., 2001), mice
(Bourtchuladze et al., 1994; Kida et al., 2002; Pittenger et al.,
2002; Gruart et al., 2012) and humans (Harum et al., 2001) (for
review, see Josselyn and Nguyen, 2005) but see Balschun et al.
(2003). For instance, we (Han et al., 2007), and others (Zhou
et al., 2009; Rexach et al., 2012) previously showed that increas-
ing CREB function in a small portion of lateral amygdala (LA)
neurons (roughly 8–10% of LA principal neurons) was sufficient
to enhance auditory fear memory. Moreover, we observed that
LA neurons with relatively higher CREB function at the time
of training were preferentially included, whereas neurons with
lower CREB function were excluded, from the subsequent LA
fear memory trace (Han et al., 2007, 2009). Conversely, disrupt-
ing CREB function by expressing a dominant negative version of

CREB (CREBS133A)in a similar small percentage of LA neurons
did not affect auditory fear memory, likely because the neurons
expressing CREBS133A were largely excluded from the memory
trace. Furthermore, post-training ablation (Han et al., 2009) or
silencing (Zhou et al., 2009) of neurons overexpressing CREB dis-
rupted subsequent expression of the fear memory, confirming the
importance of these neurons. Together, these data suggest that
neurons with high levels of CREB at the time of training are pref-
erentially allocated to the memory trace because they somehow
outcompete their neighbors (Won and Silva, 2008).

CREB is a ubiquitous transcription factor implicated in many
diverse cellular processes in addition to memory formation,
including regulation of proliferation, survival, apoptosis, differ-
entiation, metabolism, glucose homeostasis, spine density, and
morphology (Bourtchuladze et al., 1994; Murphy and Segal,
1997; Silva et al., 1998; Mayr and Montminy, 2001; Lonze et al.,
2002; Wayman et al., 2006; Aguado et al., 2009; Altarejos and
Montminy, 2011). Which of these CREB-mediated processes
is/are important for memory allocation? Here we investigated
one CREB-mediated process, the regulation of spine density and
morphology.

Dendritic spines are small, highly motile structures on den-
dritic shafts which provide flexibility to neuronal networks. As
an increase in the synaptic strength between neurons is thought
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Dissociated Fear and Spatial Learning in Mice with
Deficiency of Ataxin-2
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Abstract

Mouse models with physiological and behavioral differences attributable to differential plasticity of hippocampal and
amygdalar neuronal networks are rare. We previously generated ataxin-2 (Atxn2) knockout mice and demonstrated that
these animals lacked obvious anatomical abnormalities of the CNS, but showed marked obesity and reduced fertility. We
now report on behavioral changes as a consequence of Atxn2-deficiency. Atxn2-deficiency was associated with impaired
long-term potentiation (LTP) in the amygdala, but normal LTP in the hippocampus. Intact hippocampal plasticity was
associated behaviorally with normal Morris Water maze testing. Impaired amygdala plasticity was associated with reduced
cued and contextual fear conditioning. Conditioned taste aversion, however, was normal. In addition, knockout mice
showed decreased innate fear in several tests and motor hyperactivity in open cage testing. Our results suggest that Atxn2-
deficiency results in a specific set of behavioral and cellular disturbances that include motor hyperactivity and abnormal
fear-related behaviors, but intact hippocampal function. This animal model may be useful for the study of anxiety disorders
and should encourage studies of anxiety in patients with spinocerebellar ataxia type 2 (SCA2).
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Introduction

The ataxin-2 (ATXN2) gene belongs to a group of genes, in
which expansion of a translated CAG repeat causes neurodegen-
eration. The function of ataxin-2 is unknown but expansion of the
polyglutamine (polyQ) tract from normally 22 to $32 repeats
causes a late-onset, autosomal dominant ataxia (spinocerebellar
ataxia type 2, SCA2), levodopa-responsive Parkinsonism and
various cognitive deficits involving mainly executive function and
verbal memory [1–4].
Ataxin-2 is a cytoplasmic protein that is expressed throughout

the brain [5]. Structural analysis and experimental data suggest
that ataxin-2 may play an important role in RNA processing.
Ataxin-2 contains Like-SM (LSm) domains which are thought to
be involved in protein-protein and protein-RNA interactions [6,7].
Several lines of experimental evidence also implicate a function of
ataxin-2 in RNA metabolism. These include observations showing
that ataxin-2 is a component of the polysome complex and that it
binds to polyA binding protein 1 (PABP-1) in translation initiation
[8]. Furthermore, ataxin-2 is a component of stress granules and
P-bodies, which are cytoplasmic repositories of untranslated
mRNA during cell stress [9], and it interacts with A2BP1/fox-1,
a known RNA splicing factor [10,11].
Although the mouse ortholog of ataxin-2 is more than 90%

identical to the human protein, it contains only one glutamine at
the site of the human polyQ tract, which suggests that the normal
function of ataxin-2 is not dependent on the polyQ tract [12].
Murine ataxin-2 is widely expressed in both neuronal and

nonneuronal tissues. However, strong murine ataxin- 2 expression
is found in specific neuronal groups such as large pyramidal
neurons and Purkinje cells and in subpopulations of neurons in the
hippocampus, thalamus, and hypothalamus [5]. In non-neuronal
tissues, high levels of ataxin-2 are found in the heart and skeletal
muscle. During mouse development, ataxin-2 is expressed as early
as embryonic day 8 (E8) in mesenchymal cells and the heart, with
a burst of expression at E11 [5]. In humans, high levels of ataxin-2
are found in neurons of the hippocampus and cerebral tissues in
addition to Purkinje neurons [13].
To understand the function of ataxin 2, we previously generated

Atxn2 knockout mice using homologous recombination [14].
Despite widespread expression of ataxin-2 throughout develop-
ment, homozygous Atxn2 knockout mice were viable, fertile and
did not display obvious anatomical or histological abnormalities
[14]. A propensity toward hyperphagia and obesity, when fed a
moderately-enriched fat diet and subtle motor deficits on the
rotarod in late adulthood were observed [14]. These observations
were confirmed in an independently generated Atxn2 knockout
model, which in addition demonstrated insulin resistance in Atxn2-
deficient animals [15].
Several knockout mouse models of other polyQ disease genes

have been generated. These include mice deficient for Atxn1,
Atxn3 and huntingtin (htt) [16–18]. Although htt ko mice were
embryonic lethal [17], mouse knockouts of SCA genes survived
normally into adulthood. Each line, however, exhibited specific
abnormalities such as reduced exploratory behavior and increased
levels of ubiquitinated proteins in Atxn3 ko mice [18], and
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Hijacking translation in
addiction
Two studies suggest that the reduced activity of a translation initiation

factor called eIF2a might be partly responsible for the increased risk of

drug addiction seen in adolescents.

ALICIA IZQUIERDO AND ALCINO J SILVA

E
xposure to drugs of abuse – such as nic-
otine and cocaine – changes the brain in

ways that contribute to the downward

spiral of addiction. Adolescents are especially

vulnerable since their newly found independence

is often associated with taking more risks

(Spear, 2000). To make matters worse, adoles-

cence is also characterized by an increased sen-

sitivity to natural rewards and drugs of abuse

(Badanich et al., 2006; Brenhouse and Ander-

sen, 2008; Stolyarova and Izquierdo, 2015).

Experiences with illicit substances alter the

genes that are expressed in the brain, and lead

to increased consumption of these substances.

To date much of the work that has characterized

this insidious cycle has focused on changes in

gene activation, or modifications to proteins

that have already been produced (Robison and

Nestler, 2011). By comparison, much less is

known about how changes in protein synthesis

might contribute to addiction.
Exposure to cocaine leads to persistent

changes in the part of the brain that releases the

chemical dopamine. Specifically, alterations to a

part of the midbrain called the ventral tegmental

area (VTA), along with its connections to other

regions of the brain, are thought to mediate the

transition from recreational to compulsive drug

use and subsequently to addiction (Luscher and

Malenka, 2011). Drugs of abuse make the neu-

rons in the VTA more excitable overall. The

drugs do this by altering two opposing pro-

cesses – both of which involve the translation of

messenger RNAs to produce new proteins – in

ways that ultimately strengthen the connections

between neurons (Ungless et al., 2001;

Lüscher and Huber, 2010).
Now, in two papers in eLife, Mauro Costa-

Mattioli from the Baylor College of Medicine

and colleagues report that a protein that regu-

lates translation is also responsible for much of

the increased risk of addiction seen in adoles-

cent mice and humans. The protein of interest is

a translation initiation factor called eIF2a.
In the first paper, Wei Huang, Andon Placzek,

Gonzalo Viana Di Prisco and Sanjeev Khatiwada –

who are all joint first authors – and other

Copyright Izquierdo and Silva.

This article is distributed under the

terms of the Creative Commons

Attribution License, which permits

unrestricted use and redistribution

provided that the original author and

source are credited.
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JA, Walter P, Salas R, Costa-Mattioli M. 2016.

Translational control of nicotine-evoked synap-
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responses in human smokers by eIF2a. eLife 5:

e12056. doi: 10.7554/eLife.12056; Huang W,
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CREB regulates spine density of lateral amygdala neurons:
implications for memory allocation
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Neurons may compete against one another for integration into a memory trace.
Specifically, neurons in the lateral nucleus of the amygdala with relatively higher levels
of cAMP Responsive Element Binding Protein (CREB) seem to be preferentially allocated
to a fear memory trace, while neurons with relatively decreased CREB function seem
to be excluded from a fear memory trace. CREB is a ubiquitous transcription factor that
modulates many diverse cellular processes, raising the question as to which of these
CREB-mediated processes underlie memory allocation. CREB is implicated in modulating
dendritic spine number and morphology. As dendritic spines are intimately involved in
memory formation, we investigated whether manipulations of CREB function alter spine
number or morphology of neurons at the time of fear conditioning. We used viral vectors
to manipulate CREB function in the lateral amygdala (LA) principal neurons in mice
maintained in their homecages. At the time that fear conditioning normally occurs, we
observed that neurons with high levels of CREB had more dendritic spines, while neurons
with low CREB function had relatively fewer spines compared to control neurons. These
results suggest that the modulation of spine density provides a potential mechanism for
preferential allocation of a subset of neurons to the memory trace.

Keywords: CREB, amygdala, fear memory, dendritic spines, viral vector

INTRODUCTION
The cAMP Responsive Element Binding Protein (CREB) is an
activity regulated transcription factor that modulates the tran-
scription of genes with cAMP responsive elements (CRE) located
in their promoter regions. Early research in Aplysia (Dash et al.,
1990; Kaang et al., 1993; Bartsch et al., 1995) and D. melanogaster
(Yin et al., 1994, 1995; Perazzona et al., 2004) first implicated
CREB in memory formation. Since that time, the important role
of CREB in memory has been shown across a variety of species
from C. elegans (Kauffman et al., 2010; Lau et al., 2013) to
rats (Guzowski and McGaugh, 1997; Josselyn et al., 2001), mice
(Bourtchuladze et al., 1994; Kida et al., 2002; Pittenger et al.,
2002; Gruart et al., 2012) and humans (Harum et al., 2001) (for
review, see Josselyn and Nguyen, 2005) but see Balschun et al.
(2003). For instance, we (Han et al., 2007), and others (Zhou
et al., 2009; Rexach et al., 2012) previously showed that increas-
ing CREB function in a small portion of lateral amygdala (LA)
neurons (roughly 8–10% of LA principal neurons) was sufficient
to enhance auditory fear memory. Moreover, we observed that
LA neurons with relatively higher CREB function at the time
of training were preferentially included, whereas neurons with
lower CREB function were excluded, from the subsequent LA
fear memory trace (Han et al., 2007, 2009). Conversely, disrupt-
ing CREB function by expressing a dominant negative version of

CREB (CREBS133A)in a similar small percentage of LA neurons
did not affect auditory fear memory, likely because the neurons
expressing CREBS133A were largely excluded from the memory
trace. Furthermore, post-training ablation (Han et al., 2009) or
silencing (Zhou et al., 2009) of neurons overexpressing CREB dis-
rupted subsequent expression of the fear memory, confirming the
importance of these neurons. Together, these data suggest that
neurons with high levels of CREB at the time of training are pref-
erentially allocated to the memory trace because they somehow
outcompete their neighbors (Won and Silva, 2008).

CREB is a ubiquitous transcription factor implicated in many
diverse cellular processes in addition to memory formation,
including regulation of proliferation, survival, apoptosis, differ-
entiation, metabolism, glucose homeostasis, spine density, and
morphology (Bourtchuladze et al., 1994; Murphy and Segal,
1997; Silva et al., 1998; Mayr and Montminy, 2001; Lonze et al.,
2002; Wayman et al., 2006; Aguado et al., 2009; Altarejos and
Montminy, 2011). Which of these CREB-mediated processes
is/are important for memory allocation? Here we investigated
one CREB-mediated process, the regulation of spine density and
morphology.

Dendritic spines are small, highly motile structures on den-
dritic shafts which provide flexibility to neuronal networks. As
an increase in the synaptic strength between neurons is thought
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Dissociated Fear and Spatial Learning in Mice with
Deficiency of Ataxin-2
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Abstract

Mouse models with physiological and behavioral differences attributable to differential plasticity of hippocampal and
amygdalar neuronal networks are rare. We previously generated ataxin-2 (Atxn2) knockout mice and demonstrated that
these animals lacked obvious anatomical abnormalities of the CNS, but showed marked obesity and reduced fertility. We
now report on behavioral changes as a consequence of Atxn2-deficiency. Atxn2-deficiency was associated with impaired
long-term potentiation (LTP) in the amygdala, but normal LTP in the hippocampus. Intact hippocampal plasticity was
associated behaviorally with normal Morris Water maze testing. Impaired amygdala plasticity was associated with reduced
cued and contextual fear conditioning. Conditioned taste aversion, however, was normal. In addition, knockout mice
showed decreased innate fear in several tests and motor hyperactivity in open cage testing. Our results suggest that Atxn2-
deficiency results in a specific set of behavioral and cellular disturbances that include motor hyperactivity and abnormal
fear-related behaviors, but intact hippocampal function. This animal model may be useful for the study of anxiety disorders
and should encourage studies of anxiety in patients with spinocerebellar ataxia type 2 (SCA2).
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Introduction

The ataxin-2 (ATXN2) gene belongs to a group of genes, in
which expansion of a translated CAG repeat causes neurodegen-
eration. The function of ataxin-2 is unknown but expansion of the
polyglutamine (polyQ) tract from normally 22 to $32 repeats
causes a late-onset, autosomal dominant ataxia (spinocerebellar
ataxia type 2, SCA2), levodopa-responsive Parkinsonism and
various cognitive deficits involving mainly executive function and
verbal memory [1–4].
Ataxin-2 is a cytoplasmic protein that is expressed throughout

the brain [5]. Structural analysis and experimental data suggest
that ataxin-2 may play an important role in RNA processing.
Ataxin-2 contains Like-SM (LSm) domains which are thought to
be involved in protein-protein and protein-RNA interactions [6,7].
Several lines of experimental evidence also implicate a function of
ataxin-2 in RNA metabolism. These include observations showing
that ataxin-2 is a component of the polysome complex and that it
binds to polyA binding protein 1 (PABP-1) in translation initiation
[8]. Furthermore, ataxin-2 is a component of stress granules and
P-bodies, which are cytoplasmic repositories of untranslated
mRNA during cell stress [9], and it interacts with A2BP1/fox-1,
a known RNA splicing factor [10,11].
Although the mouse ortholog of ataxin-2 is more than 90%

identical to the human protein, it contains only one glutamine at
the site of the human polyQ tract, which suggests that the normal
function of ataxin-2 is not dependent on the polyQ tract [12].
Murine ataxin-2 is widely expressed in both neuronal and

nonneuronal tissues. However, strong murine ataxin- 2 expression
is found in specific neuronal groups such as large pyramidal
neurons and Purkinje cells and in subpopulations of neurons in the
hippocampus, thalamus, and hypothalamus [5]. In non-neuronal
tissues, high levels of ataxin-2 are found in the heart and skeletal
muscle. During mouse development, ataxin-2 is expressed as early
as embryonic day 8 (E8) in mesenchymal cells and the heart, with
a burst of expression at E11 [5]. In humans, high levels of ataxin-2
are found in neurons of the hippocampus and cerebral tissues in
addition to Purkinje neurons [13].
To understand the function of ataxin 2, we previously generated

Atxn2 knockout mice using homologous recombination [14].
Despite widespread expression of ataxin-2 throughout develop-
ment, homozygous Atxn2 knockout mice were viable, fertile and
did not display obvious anatomical or histological abnormalities
[14]. A propensity toward hyperphagia and obesity, when fed a
moderately-enriched fat diet and subtle motor deficits on the
rotarod in late adulthood were observed [14]. These observations
were confirmed in an independently generated Atxn2 knockout
model, which in addition demonstrated insulin resistance in Atxn2-
deficient animals [15].
Several knockout mouse models of other polyQ disease genes

have been generated. These include mice deficient for Atxn1,
Atxn3 and huntingtin (htt) [16–18]. Although htt ko mice were
embryonic lethal [17], mouse knockouts of SCA genes survived
normally into adulthood. Each line, however, exhibited specific
abnormalities such as reduced exploratory behavior and increased
levels of ubiquitinated proteins in Atxn3 ko mice [18], and

PLoS ONE | www.plosone.org 1 July 2009 | Volume 4 | Issue 7 | e6235

X Y Z

X Y Z

X Y Z

X ⊥̸⊥ Y | ∅ || ∅

Y ⊥̸⊥ Z | ∅ || ∅

X ⊥̸⊥ Z | ∅ || ∅

X ⊥⊥ Z | Y || ∅

annotation conversion inference querying

X Y Z0.918 0.918

0.000

studies in 
literature

research 
 map

causal 
constraints

causal 
graphs

degrees of 
freedom



CREB
CA1 
adult

node
What
Where 
When

study design
Intervention
 Positive ↑ 
 Negative ↓
Observation
 Positive ∅↑

 Negative ∅↓

result
Increase +
No change 0
Decrease −

LTD
CA1 
adult

relation
Excitatory
Inhibitory
None

↑ ∅↓

The research map representation



Cell, Vol. 87, 1327–1338, December 27, 1996, Copyright �1996 by Cell Press

The Essential Role of Hippocampal CA1
NMDA Receptor–Dependent
Synaptic Plasticity in Spatial Memory
Joe Z. Tsien, Patricio T. Huerta, memory. It is well known that lesions of the hippocam-

pus in humans and other mammals produce severe am-and Susumu Tonegawa
nesia for certain memories (Scoville and Milner, 1957;Howard Hughes Medical Institute
Morris et al., 1982; Zola-Morgan et al., 1986; reviewedCenter for Learning and Memory
by Squire, 1987). Importantly, it has been demonstratedCenter for Cancer Research
that disruption of NMDARs in the hippocampus leadsDepartment of Biology
to blockade of synaptic plasticity and also to memoryMassachusetts Institute of Technology
malfunction (reviewed by Morris et al., 1991; Rawlins,Cambridge, Massachusetts 02139
1996). For instance, application of NMDAR antagonists
(such as 2-amino-5-phosphonopropionic acid [AP5])
completely blocks the induction of LTP in most hippo-Summary
campal synapses (Collingridge et al., 1983; Zalutsky and
Nicoll, 1990; Hanse and Gustafsson, 1992). Morris et al.Wehave produced amouse strain in whichthe deletion
(1986) were the first to show that rats that receivedof the NMDAR1 gene is restricted to theCA1 pyramidal
infusion of AP5 into the hippocampus were deficient incells of the hippocampus by using a new and general
performing a spatial memory task in which the animalsmethod that allows CA1-restricted gene knockout.
are required to form multiple spatial relations betweenThe mutant mice grow into adulthood without obvi-
a hidden platform in a circular pool (known as a waterous abnormalities. Adult mice lack NMDA receptor–
maze) and visible objects in the surrounding environ-mediated synaptic currents and long-term potentia-
ment and swim to the platform toescape from the water.tion in the CA1 synapses and exhibit impaired spatial
Subsequently, this issue was reinvestigated by usingmemory but unimpaired nonspatial learning. Our re-
“gene knockout” mice. These genetically engineeredsults strongly suggest that activity-dependent modifi-
mice lack a gene encoding a component that is thoughtcations of CA1 synapses, mediated by NMDA recep-
to be at the downstream of activated NMDARs in thetors, play an essential role in the acquisition of spatial
biochemical cascade for LTP induction (reviewed bymemories.
Chen and Tonegawa, 1997). For example, mice with a
deletion in the gene encoding the ! subunit of calcium-

Introduction calmodulin-dependent protein kinase II (!CaMKII) dis-
play impaired LTP in the CA1 region of the hippocampus

It has long been hypothesized that memory storage in and a deficit in spatial learning (Silva et al., 1992a,
the mammalian brain involves modifications of the syn- 1992b).
aptic connections between neurons. Hebb (1949) intro- Even though the results of these genetic and pharma-
duced an influential theory consisting of principles that cological experiments are consistent with the notion
neurons must exhibit for implementing associative that hippocampal LTP is the synaptic mechanism for
memory. An important principle, known as the Hebb spatial memory, other interpretations cannot be ex-
rule, is that of “correlated activity”: when the presynaptic cluded. For instance, in the case of the gene knockout
and the postsynaptic neurons are active simultaneously, mice, every cell in the organism lacks the gene of inter-
their connections become strengthened. It is well estab- est. Consequently, all of the functions of the gene prod-
lished that N-methyl-D-aspartate receptors (NMDARs) uct, not only its role in LTP induction, are affected in
can implement the Hebb rule at the synaptic level, and the mutants. Hence, it is possible that spatial memory
they are thus considered the crucial synaptic elements is independent of hippocampal LTP and that the memory
for the induction of activity-dependent synaptic plastic- deficit in mutants arises from lack of the gene product
ity. NMDARs act as coincidence detectors because they in other functions (such as developmental roles). Like-
require both presynaptic activity (glutamate released by wise, in pharmacological studies the target of the AP5
axonal terminals) and postsynaptic activity (depolariza- infusion is not restricted to the hippocampus (Butcher
tion that releases the Mg2" block) as a condition for et al., 1991). Therefore, NMDARs expressed in neurons
channel opening (Nowak et al., 1984; McBain and Mayer, in the neighboring neocortex (and other brain areas)
1994). Active NMDAR channels allow calcium influx into are also inhibited to a varying extent. Since NMDARs
the postsynaptic cell, which triggers a cascade of bio- contribute substantially to the basal synaptic transmis-
chemical events resulting in synaptic change. Long-term sion of excitatory synapses in the neocortex (reviewed
potentiation (LTP) is a widely used paradigm for increas- by Hestrin, 1996), it is likely that the infused AP5 may
ing synaptic efficacy, and its induction requires, in at impair not only LTP induction in the hippocampus but
least one of its forms, the activation of NMDARs (Bliss also the computational ability of neocortical regions that
and Lømo, 1973; Bliss and Collingridge, 1993). Conven- play an important role in spatial memory.
tionally, NMDAR-dependent LTP is elicited by giving a A way to circumvent the aforementioned problems
strong pattern of electrical stimulation (a 25–100 Hz train is to modify the gene knockout method such that the
for !1 s) to the inputs, which triggers a rapid and lasting deletion is restricted to a certain region or a certain cell
increase in synaptic strength. type within the brain. As described in the accompanying

The hippocampus is themost intensely studied region article (Tsien et al., 1996 [this issue of Cell]), we have
exploited the Cre/loxP recombination system derivedfor the importance of NMDARs in synaptic plasticity and

Autophosphorylation at Thr286 of the !
Calcium-Calmodulin Kinase II

in LTP and Learning
Karl Peter Giese, Nikolai B. Fedorov, Robert K. Filipkowski,

Alcino J. Silva*

The calcium-calmodulin–dependent kinase II (CaMKII) is required for hippocampal long-
term potentiation (LTP) and spatial learning. In addition to its calcium-calmodulin (CaM)–
dependent activity, CaMKII can undergo autophosphorylation, resulting in CaM-inde-
pendent activity. A point mutation was introduced into the !CaMKII gene that blocked
the autophosphorylation of threonine at position 286 ( Thr286) of this kinase without
affecting its CaM-dependent activity. The mutant mice had no N-methyl-D-aspartate
receptor–dependent LTP in the hippocampal CA1 area and showed no spatial learning
in the Morris water maze. Thus, the autophosphorylation of !CaMKII at Thr286 appears
to be required for LTP and learning.

Long-lasting changes in synaptic strength
(such as LTP) are thought to underlie learn-
ing and memory (1). Pharmacological and
genetic lesions of CaMKII impair LTP and
learning (2–4). Additionally, increasing the
concentrations of constitutively active
CaMKII affects LTP and learning (5, 6). A
model has been proposed that suggests that
the autophosphorylated CaM-independent
(constitutively active) state of CaMKII is
crucial for LTP and learning (7). Autophos-
phorylation at Thr286 endows !CaMKII
with the ability to switch from a CaM-
dependent to a CaM-independent state (8).
Consistent with the model, LTP induction
triggers a long-lasting increase in the auto-
phosphorylated form of CaMKII (9, 10) and
in its CaM-independent activity (11). These
studies, however, do not demonstrate that
the autophosphorylation of CaMKII is re-
quired for either LTP or learning.

To determine whether the autophospho-
rylation of !CaMKII at Thr286 is required for
LTP and learning, we substituted Thr286 (T)
for alanine (A) (T286A). The T286A mu-
tation results in a kinase that is unable to
switch to its CaM-independent state (8). We
used a gene-targeting strategy that utilizes a
replacement vector containing the point
mutation and a neo gene flanked by loxP
sites (the Pointlox procedure) (Fig. 1, A and
B) (12). All of the homozygous mutants
analyzed were F2 mice from a cross between
the chimeras (contributing 129 background)
and C57BL/6 mice (!CaMKIIT286A-129B6F2).
Immunoblotting and immunocytochemical
analyses (Fig. 1, C to E) determined that
the point mutations and the loxP site did
not alter the expression of the !CaMKII

gene (13). We confirmed that the
!CaMKIIT286A-129B6F2 mutation decreased
the total CaM-independent CaMKII ac-
tivity in the mutants but did not affect
their CaM-dependent activity (14). The
residual CaM-independent activity in the
mutants was presumably due to "CaMKII
(13, 15).

Long-term potentiation was tested in
the !CaMKIIT286A-129B6F2 mutants with ex-
tracellular field recordings in the stratum

radiatum of hippocampal slices (16). We
focused our studies on the CA1 region be-
cause this region is important for learning
(17). Long-term potentiation induced with
a 100-Hz tetanus (1 s) was deficient in the
!CaMKIIT286A-129B6F2 mutants (Fig. 2A).
Sixty minutes after the tetanus, the mutants
(seven mice, seven slices) showed 110.8
# 6.2% potentiation, whereas wild-type
mice (10 mice, 10 slices) showed 153.5 #
7.5% potentiation. There was no overlap in
the extent of potentiations in wild-type
and mutant slices (Fig. 2B). We also de-
termined that other stimulation protocols
revealed similar LTP impairments in the
!CaMKIIT286A-129B6F2 mutants (Fig. 2C).
These LTP impairments were not caused
by prepotentiation of synaptic transmis-
sion, because the relation between evoked
fiber volleys and field excitatory postsyn-
aptic potentials (fEPSPs) was indistin-
guishable between mutant (nine mice,
nine slices) and wild-type mice (nine
mice, nine slices) (Fig. 2D). This result also
suggests that the !CaMKIIT286A-129B6F2 mu-
tation did not affect synaptic connectivity
in the CA1 region. Synaptic responses col-
lected during the 10-Hz tetanus were simi-
lar in mutant and wild-type mice (18), in-
dicating that the LTP deficit of the mu-
tants was not due to decreased synaptic
transmission during tetanic stimulation.

K. P. Giese, N. B. Fedorov, A. J. Silva, Cold Spring Har-
bor Laboratory, Cold Spring Harbor, NY 11724, USA.
R. K. Filipkowski, Department of Neurophysiology,
Nencki Institute, PL-02-093 Warsaw, Poland.

*To whom correspondence should be addressed.

Fig. 1. Generation of the !CaMKIIT286A-129B6F2 mutants with the Pointlox procedure. (A) The targeting
construct (a), a partial map of the !CaMKII gene (b), the resulting targeted allele (c), and the targeted
allele after Cre recombination (d) are illustrated (11). B, Bam HI; G, Bgl II; H, Hind III; V, Pvu II; X, Xba I.
(B) A first PCR detected the loxP site (12) determining the genotype. A second PCR was used to identify
the point mutations (12). The gel shows the Hinc II–digested PCR products from homozygotes ($/$)
and wild-type (%/%) mice. M1 and M2 refer to molecular weight marker lanes. (C) Immunoblot analysis
(13) indicated normal expression of !CaMKII (!) and synaptophysin (S) in the mutants. Lane 1, 2.5 &g
of protein; lane 2, 5 &g of protein; and lane 3, 10 &g of protein. (D and E) Immunocytochemistry of adult
coronal hippocampal sections (13) showed expression of !CaMKII in the somata and dendrites of
mutants (E) and wild-type mice (D). Calibration bar, 0.5 mm.
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Hijacking translation in
addiction
Two studies suggest that the reduced activity of a translation initiation

factor called eIF2a might be partly responsible for the increased risk of

drug addiction seen in adolescents.

ALICIA IZQUIERDO AND ALCINO J SILVA

E
xposure to drugs of abuse – such as nic-
otine and cocaine – changes the brain in

ways that contribute to the downward

spiral of addiction. Adolescents are especially

vulnerable since their newly found independence

is often associated with taking more risks

(Spear, 2000). To make matters worse, adoles-

cence is also characterized by an increased sen-

sitivity to natural rewards and drugs of abuse

(Badanich et al., 2006; Brenhouse and Ander-

sen, 2008; Stolyarova and Izquierdo, 2015).

Experiences with illicit substances alter the

genes that are expressed in the brain, and lead

to increased consumption of these substances.

To date much of the work that has characterized

this insidious cycle has focused on changes in

gene activation, or modifications to proteins

that have already been produced (Robison and

Nestler, 2011). By comparison, much less is

known about how changes in protein synthesis

might contribute to addiction.
Exposure to cocaine leads to persistent

changes in the part of the brain that releases the

chemical dopamine. Specifically, alterations to a

part of the midbrain called the ventral tegmental

area (VTA), along with its connections to other

regions of the brain, are thought to mediate the

transition from recreational to compulsive drug

use and subsequently to addiction (Luscher and

Malenka, 2011). Drugs of abuse make the neu-

rons in the VTA more excitable overall. The

drugs do this by altering two opposing pro-

cesses – both of which involve the translation of

messenger RNAs to produce new proteins – in

ways that ultimately strengthen the connections

between neurons (Ungless et al., 2001;

Lüscher and Huber, 2010).
Now, in two papers in eLife, Mauro Costa-

Mattioli from the Baylor College of Medicine

and colleagues report that a protein that regu-

lates translation is also responsible for much of

the increased risk of addiction seen in adoles-

cent mice and humans. The protein of interest is

a translation initiation factor called eIF2a.
In the first paper, Wei Huang, Andon Placzek,
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who are all joint first authors – and other
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Neurons may compete against one another for integration into a memory trace.
Specifically, neurons in the lateral nucleus of the amygdala with relatively higher levels
of cAMP Responsive Element Binding Protein (CREB) seem to be preferentially allocated
to a fear memory trace, while neurons with relatively decreased CREB function seem
to be excluded from a fear memory trace. CREB is a ubiquitous transcription factor that
modulates many diverse cellular processes, raising the question as to which of these
CREB-mediated processes underlie memory allocation. CREB is implicated in modulating
dendritic spine number and morphology. As dendritic spines are intimately involved in
memory formation, we investigated whether manipulations of CREB function alter spine
number or morphology of neurons at the time of fear conditioning. We used viral vectors
to manipulate CREB function in the lateral amygdala (LA) principal neurons in mice
maintained in their homecages. At the time that fear conditioning normally occurs, we
observed that neurons with high levels of CREB had more dendritic spines, while neurons
with low CREB function had relatively fewer spines compared to control neurons. These
results suggest that the modulation of spine density provides a potential mechanism for
preferential allocation of a subset of neurons to the memory trace.

Keywords: CREB, amygdala, fear memory, dendritic spines, viral vector

INTRODUCTION
The cAMP Responsive Element Binding Protein (CREB) is an
activity regulated transcription factor that modulates the tran-
scription of genes with cAMP responsive elements (CRE) located
in their promoter regions. Early research in Aplysia (Dash et al.,
1990; Kaang et al., 1993; Bartsch et al., 1995) and D. melanogaster
(Yin et al., 1994, 1995; Perazzona et al., 2004) first implicated
CREB in memory formation. Since that time, the important role
of CREB in memory has been shown across a variety of species
from C. elegans (Kauffman et al., 2010; Lau et al., 2013) to
rats (Guzowski and McGaugh, 1997; Josselyn et al., 2001), mice
(Bourtchuladze et al., 1994; Kida et al., 2002; Pittenger et al.,
2002; Gruart et al., 2012) and humans (Harum et al., 2001) (for
review, see Josselyn and Nguyen, 2005) but see Balschun et al.
(2003). For instance, we (Han et al., 2007), and others (Zhou
et al., 2009; Rexach et al., 2012) previously showed that increas-
ing CREB function in a small portion of lateral amygdala (LA)
neurons (roughly 8–10% of LA principal neurons) was sufficient
to enhance auditory fear memory. Moreover, we observed that
LA neurons with relatively higher CREB function at the time
of training were preferentially included, whereas neurons with
lower CREB function were excluded, from the subsequent LA
fear memory trace (Han et al., 2007, 2009). Conversely, disrupt-
ing CREB function by expressing a dominant negative version of

CREB (CREBS133A)in a similar small percentage of LA neurons
did not affect auditory fear memory, likely because the neurons
expressing CREBS133A were largely excluded from the memory
trace. Furthermore, post-training ablation (Han et al., 2009) or
silencing (Zhou et al., 2009) of neurons overexpressing CREB dis-
rupted subsequent expression of the fear memory, confirming the
importance of these neurons. Together, these data suggest that
neurons with high levels of CREB at the time of training are pref-
erentially allocated to the memory trace because they somehow
outcompete their neighbors (Won and Silva, 2008).

CREB is a ubiquitous transcription factor implicated in many
diverse cellular processes in addition to memory formation,
including regulation of proliferation, survival, apoptosis, differ-
entiation, metabolism, glucose homeostasis, spine density, and
morphology (Bourtchuladze et al., 1994; Murphy and Segal,
1997; Silva et al., 1998; Mayr and Montminy, 2001; Lonze et al.,
2002; Wayman et al., 2006; Aguado et al., 2009; Altarejos and
Montminy, 2011). Which of these CREB-mediated processes
is/are important for memory allocation? Here we investigated
one CREB-mediated process, the regulation of spine density and
morphology.

Dendritic spines are small, highly motile structures on den-
dritic shafts which provide flexibility to neuronal networks. As
an increase in the synaptic strength between neurons is thought
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Abstract

Mouse models with physiological and behavioral differences attributable to differential plasticity of hippocampal and
amygdalar neuronal networks are rare. We previously generated ataxin-2 (Atxn2) knockout mice and demonstrated that
these animals lacked obvious anatomical abnormalities of the CNS, but showed marked obesity and reduced fertility. We
now report on behavioral changes as a consequence of Atxn2-deficiency. Atxn2-deficiency was associated with impaired
long-term potentiation (LTP) in the amygdala, but normal LTP in the hippocampus. Intact hippocampal plasticity was
associated behaviorally with normal Morris Water maze testing. Impaired amygdala plasticity was associated with reduced
cued and contextual fear conditioning. Conditioned taste aversion, however, was normal. In addition, knockout mice
showed decreased innate fear in several tests and motor hyperactivity in open cage testing. Our results suggest that Atxn2-
deficiency results in a specific set of behavioral and cellular disturbances that include motor hyperactivity and abnormal
fear-related behaviors, but intact hippocampal function. This animal model may be useful for the study of anxiety disorders
and should encourage studies of anxiety in patients with spinocerebellar ataxia type 2 (SCA2).
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Introduction

The ataxin-2 (ATXN2) gene belongs to a group of genes, in
which expansion of a translated CAG repeat causes neurodegen-
eration. The function of ataxin-2 is unknown but expansion of the
polyglutamine (polyQ) tract from normally 22 to $32 repeats
causes a late-onset, autosomal dominant ataxia (spinocerebellar
ataxia type 2, SCA2), levodopa-responsive Parkinsonism and
various cognitive deficits involving mainly executive function and
verbal memory [1–4].
Ataxin-2 is a cytoplasmic protein that is expressed throughout

the brain [5]. Structural analysis and experimental data suggest
that ataxin-2 may play an important role in RNA processing.
Ataxin-2 contains Like-SM (LSm) domains which are thought to
be involved in protein-protein and protein-RNA interactions [6,7].
Several lines of experimental evidence also implicate a function of
ataxin-2 in RNA metabolism. These include observations showing
that ataxin-2 is a component of the polysome complex and that it
binds to polyA binding protein 1 (PABP-1) in translation initiation
[8]. Furthermore, ataxin-2 is a component of stress granules and
P-bodies, which are cytoplasmic repositories of untranslated
mRNA during cell stress [9], and it interacts with A2BP1/fox-1,
a known RNA splicing factor [10,11].
Although the mouse ortholog of ataxin-2 is more than 90%

identical to the human protein, it contains only one glutamine at
the site of the human polyQ tract, which suggests that the normal
function of ataxin-2 is not dependent on the polyQ tract [12].
Murine ataxin-2 is widely expressed in both neuronal and

nonneuronal tissues. However, strong murine ataxin- 2 expression
is found in specific neuronal groups such as large pyramidal
neurons and Purkinje cells and in subpopulations of neurons in the
hippocampus, thalamus, and hypothalamus [5]. In non-neuronal
tissues, high levels of ataxin-2 are found in the heart and skeletal
muscle. During mouse development, ataxin-2 is expressed as early
as embryonic day 8 (E8) in mesenchymal cells and the heart, with
a burst of expression at E11 [5]. In humans, high levels of ataxin-2
are found in neurons of the hippocampus and cerebral tissues in
addition to Purkinje neurons [13].
To understand the function of ataxin 2, we previously generated

Atxn2 knockout mice using homologous recombination [14].
Despite widespread expression of ataxin-2 throughout develop-
ment, homozygous Atxn2 knockout mice were viable, fertile and
did not display obvious anatomical or histological abnormalities
[14]. A propensity toward hyperphagia and obesity, when fed a
moderately-enriched fat diet and subtle motor deficits on the
rotarod in late adulthood were observed [14]. These observations
were confirmed in an independently generated Atxn2 knockout
model, which in addition demonstrated insulin resistance in Atxn2-
deficient animals [15].
Several knockout mouse models of other polyQ disease genes

have been generated. These include mice deficient for Atxn1,
Atxn3 and huntingtin (htt) [16–18]. Although htt ko mice were
embryonic lethal [17], mouse knockouts of SCA genes survived
normally into adulthood. Each line, however, exhibited specific
abnormalities such as reduced exploratory behavior and increased
levels of ubiquitinated proteins in Atxn3 ko mice [18], and
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factor called eIF2a might be partly responsible for the increased risk of

drug addiction seen in adolescents.
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E
xposure to drugs of abuse – such as nic-
otine and cocaine – changes the brain in

ways that contribute to the downward

spiral of addiction. Adolescents are especially

vulnerable since their newly found independence

is often associated with taking more risks

(Spear, 2000). To make matters worse, adoles-

cence is also characterized by an increased sen-

sitivity to natural rewards and drugs of abuse

(Badanich et al., 2006; Brenhouse and Ander-

sen, 2008; Stolyarova and Izquierdo, 2015).

Experiences with illicit substances alter the

genes that are expressed in the brain, and lead

to increased consumption of these substances.

To date much of the work that has characterized

this insidious cycle has focused on changes in

gene activation, or modifications to proteins

that have already been produced (Robison and

Nestler, 2011). By comparison, much less is

known about how changes in protein synthesis

might contribute to addiction.
Exposure to cocaine leads to persistent

changes in the part of the brain that releases the

chemical dopamine. Specifically, alterations to a

part of the midbrain called the ventral tegmental

area (VTA), along with its connections to other

regions of the brain, are thought to mediate the

transition from recreational to compulsive drug

use and subsequently to addiction (Luscher and

Malenka, 2011). Drugs of abuse make the neu-

rons in the VTA more excitable overall. The

drugs do this by altering two opposing pro-

cesses – both of which involve the translation of

messenger RNAs to produce new proteins – in

ways that ultimately strengthen the connections

between neurons (Ungless et al., 2001;

Lüscher and Huber, 2010).
Now, in two papers in eLife, Mauro Costa-

Mattioli from the Baylor College of Medicine

and colleagues report that a protein that regu-

lates translation is also responsible for much of

the increased risk of addiction seen in adoles-

cent mice and humans. The protein of interest is

a translation initiation factor called eIF2a.
In the first paper, Wei Huang, Andon Placzek,

Gonzalo Viana Di Prisco and Sanjeev Khatiwada –

who are all joint first authors – and other
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Neurons may compete against one another for integration into a memory trace.
Specifically, neurons in the lateral nucleus of the amygdala with relatively higher levels
of cAMP Responsive Element Binding Protein (CREB) seem to be preferentially allocated
to a fear memory trace, while neurons with relatively decreased CREB function seem
to be excluded from a fear memory trace. CREB is a ubiquitous transcription factor that
modulates many diverse cellular processes, raising the question as to which of these
CREB-mediated processes underlie memory allocation. CREB is implicated in modulating
dendritic spine number and morphology. As dendritic spines are intimately involved in
memory formation, we investigated whether manipulations of CREB function alter spine
number or morphology of neurons at the time of fear conditioning. We used viral vectors
to manipulate CREB function in the lateral amygdala (LA) principal neurons in mice
maintained in their homecages. At the time that fear conditioning normally occurs, we
observed that neurons with high levels of CREB had more dendritic spines, while neurons
with low CREB function had relatively fewer spines compared to control neurons. These
results suggest that the modulation of spine density provides a potential mechanism for
preferential allocation of a subset of neurons to the memory trace.

Keywords: CREB, amygdala, fear memory, dendritic spines, viral vector

INTRODUCTION
The cAMP Responsive Element Binding Protein (CREB) is an
activity regulated transcription factor that modulates the tran-
scription of genes with cAMP responsive elements (CRE) located
in their promoter regions. Early research in Aplysia (Dash et al.,
1990; Kaang et al., 1993; Bartsch et al., 1995) and D. melanogaster
(Yin et al., 1994, 1995; Perazzona et al., 2004) first implicated
CREB in memory formation. Since that time, the important role
of CREB in memory has been shown across a variety of species
from C. elegans (Kauffman et al., 2010; Lau et al., 2013) to
rats (Guzowski and McGaugh, 1997; Josselyn et al., 2001), mice
(Bourtchuladze et al., 1994; Kida et al., 2002; Pittenger et al.,
2002; Gruart et al., 2012) and humans (Harum et al., 2001) (for
review, see Josselyn and Nguyen, 2005) but see Balschun et al.
(2003). For instance, we (Han et al., 2007), and others (Zhou
et al., 2009; Rexach et al., 2012) previously showed that increas-
ing CREB function in a small portion of lateral amygdala (LA)
neurons (roughly 8–10% of LA principal neurons) was sufficient
to enhance auditory fear memory. Moreover, we observed that
LA neurons with relatively higher CREB function at the time
of training were preferentially included, whereas neurons with
lower CREB function were excluded, from the subsequent LA
fear memory trace (Han et al., 2007, 2009). Conversely, disrupt-
ing CREB function by expressing a dominant negative version of

CREB (CREBS133A)in a similar small percentage of LA neurons
did not affect auditory fear memory, likely because the neurons
expressing CREBS133A were largely excluded from the memory
trace. Furthermore, post-training ablation (Han et al., 2009) or
silencing (Zhou et al., 2009) of neurons overexpressing CREB dis-
rupted subsequent expression of the fear memory, confirming the
importance of these neurons. Together, these data suggest that
neurons with high levels of CREB at the time of training are pref-
erentially allocated to the memory trace because they somehow
outcompete their neighbors (Won and Silva, 2008).

CREB is a ubiquitous transcription factor implicated in many
diverse cellular processes in addition to memory formation,
including regulation of proliferation, survival, apoptosis, differ-
entiation, metabolism, glucose homeostasis, spine density, and
morphology (Bourtchuladze et al., 1994; Murphy and Segal,
1997; Silva et al., 1998; Mayr and Montminy, 2001; Lonze et al.,
2002; Wayman et al., 2006; Aguado et al., 2009; Altarejos and
Montminy, 2011). Which of these CREB-mediated processes
is/are important for memory allocation? Here we investigated
one CREB-mediated process, the regulation of spine density and
morphology.

Dendritic spines are small, highly motile structures on den-
dritic shafts which provide flexibility to neuronal networks. As
an increase in the synaptic strength between neurons is thought
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Mouse models with physiological and behavioral differences attributable to differential plasticity of hippocampal and
amygdalar neuronal networks are rare. We previously generated ataxin-2 (Atxn2) knockout mice and demonstrated that
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now report on behavioral changes as a consequence of Atxn2-deficiency. Atxn2-deficiency was associated with impaired
long-term potentiation (LTP) in the amygdala, but normal LTP in the hippocampus. Intact hippocampal plasticity was
associated behaviorally with normal Morris Water maze testing. Impaired amygdala plasticity was associated with reduced
cued and contextual fear conditioning. Conditioned taste aversion, however, was normal. In addition, knockout mice
showed decreased innate fear in several tests and motor hyperactivity in open cage testing. Our results suggest that Atxn2-
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Introduction

The ataxin-2 (ATXN2) gene belongs to a group of genes, in
which expansion of a translated CAG repeat causes neurodegen-
eration. The function of ataxin-2 is unknown but expansion of the
polyglutamine (polyQ) tract from normally 22 to $32 repeats
causes a late-onset, autosomal dominant ataxia (spinocerebellar
ataxia type 2, SCA2), levodopa-responsive Parkinsonism and
various cognitive deficits involving mainly executive function and
verbal memory [1–4].
Ataxin-2 is a cytoplasmic protein that is expressed throughout

the brain [5]. Structural analysis and experimental data suggest
that ataxin-2 may play an important role in RNA processing.
Ataxin-2 contains Like-SM (LSm) domains which are thought to
be involved in protein-protein and protein-RNA interactions [6,7].
Several lines of experimental evidence also implicate a function of
ataxin-2 in RNA metabolism. These include observations showing
that ataxin-2 is a component of the polysome complex and that it
binds to polyA binding protein 1 (PABP-1) in translation initiation
[8]. Furthermore, ataxin-2 is a component of stress granules and
P-bodies, which are cytoplasmic repositories of untranslated
mRNA during cell stress [9], and it interacts with A2BP1/fox-1,
a known RNA splicing factor [10,11].
Although the mouse ortholog of ataxin-2 is more than 90%

identical to the human protein, it contains only one glutamine at
the site of the human polyQ tract, which suggests that the normal
function of ataxin-2 is not dependent on the polyQ tract [12].
Murine ataxin-2 is widely expressed in both neuronal and

nonneuronal tissues. However, strong murine ataxin- 2 expression
is found in specific neuronal groups such as large pyramidal
neurons and Purkinje cells and in subpopulations of neurons in the
hippocampus, thalamus, and hypothalamus [5]. In non-neuronal
tissues, high levels of ataxin-2 are found in the heart and skeletal
muscle. During mouse development, ataxin-2 is expressed as early
as embryonic day 8 (E8) in mesenchymal cells and the heart, with
a burst of expression at E11 [5]. In humans, high levels of ataxin-2
are found in neurons of the hippocampus and cerebral tissues in
addition to Purkinje neurons [13].
To understand the function of ataxin 2, we previously generated

Atxn2 knockout mice using homologous recombination [14].
Despite widespread expression of ataxin-2 throughout develop-
ment, homozygous Atxn2 knockout mice were viable, fertile and
did not display obvious anatomical or histological abnormalities
[14]. A propensity toward hyperphagia and obesity, when fed a
moderately-enriched fat diet and subtle motor deficits on the
rotarod in late adulthood were observed [14]. These observations
were confirmed in an independently generated Atxn2 knockout
model, which in addition demonstrated insulin resistance in Atxn2-
deficient animals [15].
Several knockout mouse models of other polyQ disease genes

have been generated. These include mice deficient for Atxn1,
Atxn3 and huntingtin (htt) [16–18]. Although htt ko mice were
embryonic lethal [17], mouse knockouts of SCA genes survived
normally into adulthood. Each line, however, exhibited specific
abnormalities such as reduced exploratory behavior and increased
levels of ubiquitinated proteins in Atxn3 ko mice [18], and
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Abstract

Recent approaches to causal discovery based on
Boolean satisfiability solvers have opened new
opportunities to consider search spaces for causal
models with both feedback cycles and unmea-
sured confounders. However, the available meth-
ods have so far not been able to provide a prin-
cipled account of how to handle conflicting con-
straints that arise from statistical variability. Here
we present a new approach that preserves the ver-
satility of Boolean constraint solving and attains
a high accuracy despite the presence of statisti-
cal errors. We develop a new logical encoding
of (in)dependence constraints that is both well
suited for the domain and allows for faster solv-
ing. We represent this encoding in Answer Set
Programming (ASP), and apply a state-of-the-
art ASP solver for the optimization task. Based
on different theoretical motivations, we explore
a variety of methods to handle statistical errors.
Our approach currently scales to cyclic latent
variable models with up to seven observed vari-
ables and outperforms the available constraint-
based methods in accuracy.

1 INTRODUCTION

The search for causal relations underlies many scientific
fields. Unlike mere correlational information, causal re-
lations support predictions of how a system will behave
when it is subject to an intervention. In the causal Bayes
net framework (Spirtes et al., 1993; Pearl, 2000) the causal
structure is represented in terms of a directed graph (see
Figure 1). One of the most widely applicable approaches
to discovering the causal structure uses independence and
dependence constraints obtained from statistical tests to
narrow down the candidate graphs that may have pro-
duced the data. Such an inference relies on the now
well-understood assumptions of causal Markov and causal

faithfulness (Spirtes et al., 1993). Unlike many other ap-
proaches, these constraint-based causal discovery methods
can allow for the presence of latent confounders, feedback
cycles and the utilisation of several (partially overlapping)
observational or experimental data sets.

Even without experimentation (or additional assumptions,
such as time order), and despite the generality of the model
space, constraint-based methods can infer some causal ori-
entations on the basis of v-structures (unshielded colliders).
A v-structure in a graph is a triple of variables, such as
⟨x, z, y⟩ in Figure 1, where z is a common child of x and y,
but x and y are non-adjacent in the graph. V-structures can
be identified because of the specific (in)dependence rela-
tions they imply (here, x ̸⊥⊥ z, z ̸⊥⊥ y and x ⊥⊥ y are jointly
sufficient to identify the v-structure). The edges that are
thus oriented provide the basis for all further orientation
inferences in constraint-based algorithms such as PC and
FCI (Spirtes et al., 1993); e.g. identifying the v-structure in
Figure 1 enables the additional orientation of the zw-edge.
However, when processing sample data, the above infer-
ence is often prone to error. Establishing the further depen-
dence x ̸⊥⊥ y | z would confirm the inference. If this depen-
dence does not hold, we have a case of a conflict: There is
no causal graph that satisfies all available (in)dependence
constraints (while respecting Markov and faithfulness).

The problem of conflicting constraints is exacerbated when
trying to integrate multiple observational and experimen-
tal data sets in which the sets of measured variables over-
lap only partially. Unlike the case for one passively ob-
served data set, the characterization of the class of graphs
consistent with the (in)dependence constraints is more dif-
ficult in this setting: the graphs may disagree on orien-
tations, adjacencies, and ancestral relations (Tsamardinos
et al., 2012). Triantafillou et al. (2010) and Hyttinen et al.
(2013) have started using general Boolean satisfiability
(SAT) solvers (Biere et al., 2009) to integrate the various
constraints. The basic idea of these methods is to con-
vert the (in)dependence constraints found in the data into
logical constraints on the presence and absence of certain
pathways in the underlying causal structure, and to use a

[6]
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Hijacking translation in
addiction
Two studies suggest that the reduced activity of a translation initiation

factor called eIF2a might be partly responsible for the increased risk of

drug addiction seen in adolescents.
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E
xposure to drugs of abuse – such as nic-
otine and cocaine – changes the brain in

ways that contribute to the downward

spiral of addiction. Adolescents are especially

vulnerable since their newly found independence

is often associated with taking more risks

(Spear, 2000). To make matters worse, adoles-

cence is also characterized by an increased sen-

sitivity to natural rewards and drugs of abuse

(Badanich et al., 2006; Brenhouse and Ander-

sen, 2008; Stolyarova and Izquierdo, 2015).

Experiences with illicit substances alter the

genes that are expressed in the brain, and lead

to increased consumption of these substances.

To date much of the work that has characterized

this insidious cycle has focused on changes in

gene activation, or modifications to proteins

that have already been produced (Robison and

Nestler, 2011). By comparison, much less is

known about how changes in protein synthesis

might contribute to addiction.
Exposure to cocaine leads to persistent

changes in the part of the brain that releases the

chemical dopamine. Specifically, alterations to a

part of the midbrain called the ventral tegmental

area (VTA), along with its connections to other

regions of the brain, are thought to mediate the

transition from recreational to compulsive drug

use and subsequently to addiction (Luscher and

Malenka, 2011). Drugs of abuse make the neu-

rons in the VTA more excitable overall. The

drugs do this by altering two opposing pro-

cesses – both of which involve the translation of

messenger RNAs to produce new proteins – in

ways that ultimately strengthen the connections

between neurons (Ungless et al., 2001;

Lüscher and Huber, 2010).
Now, in two papers in eLife, Mauro Costa-

Mattioli from the Baylor College of Medicine

and colleagues report that a protein that regu-

lates translation is also responsible for much of

the increased risk of addiction seen in adoles-

cent mice and humans. The protein of interest is

a translation initiation factor called eIF2a.
In the first paper, Wei Huang, Andon Placzek,

Gonzalo Viana Di Prisco and Sanjeev Khatiwada –

who are all joint first authors – and other
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Neurons may compete against one another for integration into a memory trace.
Specifically, neurons in the lateral nucleus of the amygdala with relatively higher levels
of cAMP Responsive Element Binding Protein (CREB) seem to be preferentially allocated
to a fear memory trace, while neurons with relatively decreased CREB function seem
to be excluded from a fear memory trace. CREB is a ubiquitous transcription factor that
modulates many diverse cellular processes, raising the question as to which of these
CREB-mediated processes underlie memory allocation. CREB is implicated in modulating
dendritic spine number and morphology. As dendritic spines are intimately involved in
memory formation, we investigated whether manipulations of CREB function alter spine
number or morphology of neurons at the time of fear conditioning. We used viral vectors
to manipulate CREB function in the lateral amygdala (LA) principal neurons in mice
maintained in their homecages. At the time that fear conditioning normally occurs, we
observed that neurons with high levels of CREB had more dendritic spines, while neurons
with low CREB function had relatively fewer spines compared to control neurons. These
results suggest that the modulation of spine density provides a potential mechanism for
preferential allocation of a subset of neurons to the memory trace.

Keywords: CREB, amygdala, fear memory, dendritic spines, viral vector

INTRODUCTION
The cAMP Responsive Element Binding Protein (CREB) is an
activity regulated transcription factor that modulates the tran-
scription of genes with cAMP responsive elements (CRE) located
in their promoter regions. Early research in Aplysia (Dash et al.,
1990; Kaang et al., 1993; Bartsch et al., 1995) and D. melanogaster
(Yin et al., 1994, 1995; Perazzona et al., 2004) first implicated
CREB in memory formation. Since that time, the important role
of CREB in memory has been shown across a variety of species
from C. elegans (Kauffman et al., 2010; Lau et al., 2013) to
rats (Guzowski and McGaugh, 1997; Josselyn et al., 2001), mice
(Bourtchuladze et al., 1994; Kida et al., 2002; Pittenger et al.,
2002; Gruart et al., 2012) and humans (Harum et al., 2001) (for
review, see Josselyn and Nguyen, 2005) but see Balschun et al.
(2003). For instance, we (Han et al., 2007), and others (Zhou
et al., 2009; Rexach et al., 2012) previously showed that increas-
ing CREB function in a small portion of lateral amygdala (LA)
neurons (roughly 8–10% of LA principal neurons) was sufficient
to enhance auditory fear memory. Moreover, we observed that
LA neurons with relatively higher CREB function at the time
of training were preferentially included, whereas neurons with
lower CREB function were excluded, from the subsequent LA
fear memory trace (Han et al., 2007, 2009). Conversely, disrupt-
ing CREB function by expressing a dominant negative version of

CREB (CREBS133A)in a similar small percentage of LA neurons
did not affect auditory fear memory, likely because the neurons
expressing CREBS133A were largely excluded from the memory
trace. Furthermore, post-training ablation (Han et al., 2009) or
silencing (Zhou et al., 2009) of neurons overexpressing CREB dis-
rupted subsequent expression of the fear memory, confirming the
importance of these neurons. Together, these data suggest that
neurons with high levels of CREB at the time of training are pref-
erentially allocated to the memory trace because they somehow
outcompete their neighbors (Won and Silva, 2008).

CREB is a ubiquitous transcription factor implicated in many
diverse cellular processes in addition to memory formation,
including regulation of proliferation, survival, apoptosis, differ-
entiation, metabolism, glucose homeostasis, spine density, and
morphology (Bourtchuladze et al., 1994; Murphy and Segal,
1997; Silva et al., 1998; Mayr and Montminy, 2001; Lonze et al.,
2002; Wayman et al., 2006; Aguado et al., 2009; Altarejos and
Montminy, 2011). Which of these CREB-mediated processes
is/are important for memory allocation? Here we investigated
one CREB-mediated process, the regulation of spine density and
morphology.

Dendritic spines are small, highly motile structures on den-
dritic shafts which provide flexibility to neuronal networks. As
an increase in the synaptic strength between neurons is thought
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Abstract

Mouse models with physiological and behavioral differences attributable to differential plasticity of hippocampal and
amygdalar neuronal networks are rare. We previously generated ataxin-2 (Atxn2) knockout mice and demonstrated that
these animals lacked obvious anatomical abnormalities of the CNS, but showed marked obesity and reduced fertility. We
now report on behavioral changes as a consequence of Atxn2-deficiency. Atxn2-deficiency was associated with impaired
long-term potentiation (LTP) in the amygdala, but normal LTP in the hippocampus. Intact hippocampal plasticity was
associated behaviorally with normal Morris Water maze testing. Impaired amygdala plasticity was associated with reduced
cued and contextual fear conditioning. Conditioned taste aversion, however, was normal. In addition, knockout mice
showed decreased innate fear in several tests and motor hyperactivity in open cage testing. Our results suggest that Atxn2-
deficiency results in a specific set of behavioral and cellular disturbances that include motor hyperactivity and abnormal
fear-related behaviors, but intact hippocampal function. This animal model may be useful for the study of anxiety disorders
and should encourage studies of anxiety in patients with spinocerebellar ataxia type 2 (SCA2).
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Introduction

The ataxin-2 (ATXN2) gene belongs to a group of genes, in
which expansion of a translated CAG repeat causes neurodegen-
eration. The function of ataxin-2 is unknown but expansion of the
polyglutamine (polyQ) tract from normally 22 to $32 repeats
causes a late-onset, autosomal dominant ataxia (spinocerebellar
ataxia type 2, SCA2), levodopa-responsive Parkinsonism and
various cognitive deficits involving mainly executive function and
verbal memory [1–4].
Ataxin-2 is a cytoplasmic protein that is expressed throughout

the brain [5]. Structural analysis and experimental data suggest
that ataxin-2 may play an important role in RNA processing.
Ataxin-2 contains Like-SM (LSm) domains which are thought to
be involved in protein-protein and protein-RNA interactions [6,7].
Several lines of experimental evidence also implicate a function of
ataxin-2 in RNA metabolism. These include observations showing
that ataxin-2 is a component of the polysome complex and that it
binds to polyA binding protein 1 (PABP-1) in translation initiation
[8]. Furthermore, ataxin-2 is a component of stress granules and
P-bodies, which are cytoplasmic repositories of untranslated
mRNA during cell stress [9], and it interacts with A2BP1/fox-1,
a known RNA splicing factor [10,11].
Although the mouse ortholog of ataxin-2 is more than 90%

identical to the human protein, it contains only one glutamine at
the site of the human polyQ tract, which suggests that the normal
function of ataxin-2 is not dependent on the polyQ tract [12].
Murine ataxin-2 is widely expressed in both neuronal and

nonneuronal tissues. However, strong murine ataxin- 2 expression
is found in specific neuronal groups such as large pyramidal
neurons and Purkinje cells and in subpopulations of neurons in the
hippocampus, thalamus, and hypothalamus [5]. In non-neuronal
tissues, high levels of ataxin-2 are found in the heart and skeletal
muscle. During mouse development, ataxin-2 is expressed as early
as embryonic day 8 (E8) in mesenchymal cells and the heart, with
a burst of expression at E11 [5]. In humans, high levels of ataxin-2
are found in neurons of the hippocampus and cerebral tissues in
addition to Purkinje neurons [13].
To understand the function of ataxin 2, we previously generated

Atxn2 knockout mice using homologous recombination [14].
Despite widespread expression of ataxin-2 throughout develop-
ment, homozygous Atxn2 knockout mice were viable, fertile and
did not display obvious anatomical or histological abnormalities
[14]. A propensity toward hyperphagia and obesity, when fed a
moderately-enriched fat diet and subtle motor deficits on the
rotarod in late adulthood were observed [14]. These observations
were confirmed in an independently generated Atxn2 knockout
model, which in addition demonstrated insulin resistance in Atxn2-
deficient animals [15].
Several knockout mouse models of other polyQ disease genes

have been generated. These include mice deficient for Atxn1,
Atxn3 and huntingtin (htt) [16–18]. Although htt ko mice were
embryonic lethal [17], mouse knockouts of SCA genes survived
normally into adulthood. Each line, however, exhibited specific
abnormalities such as reduced exploratory behavior and increased
levels of ubiquitinated proteins in Atxn3 ko mice [18], and
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is often associated with taking more risks

(Spear, 2000). To make matters worse, adoles-

cence is also characterized by an increased sen-

sitivity to natural rewards and drugs of abuse

(Badanich et al., 2006; Brenhouse and Ander-
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Experiences with illicit substances alter the

genes that are expressed in the brain, and lead

to increased consumption of these substances.

To date much of the work that has characterized

this insidious cycle has focused on changes in

gene activation, or modifications to proteins

that have already been produced (Robison and

Nestler, 2011). By comparison, much less is

known about how changes in protein synthesis

might contribute to addiction.
Exposure to cocaine leads to persistent

changes in the part of the brain that releases the

chemical dopamine. Specifically, alterations to a

part of the midbrain called the ventral tegmental

area (VTA), along with its connections to other

regions of the brain, are thought to mediate the

transition from recreational to compulsive drug

use and subsequently to addiction (Luscher and

Malenka, 2011). Drugs of abuse make the neu-

rons in the VTA more excitable overall. The

drugs do this by altering two opposing pro-

cesses – both of which involve the translation of

messenger RNAs to produce new proteins – in

ways that ultimately strengthen the connections

between neurons (Ungless et al., 2001;

Lüscher and Huber, 2010).
Now, in two papers in eLife, Mauro Costa-

Mattioli from the Baylor College of Medicine

and colleagues report that a protein that regu-

lates translation is also responsible for much of

the increased risk of addiction seen in adoles-

cent mice and humans. The protein of interest is

a translation initiation factor called eIF2a.
In the first paper, Wei Huang, Andon Placzek,

Gonzalo Viana Di Prisco and Sanjeev Khatiwada –

who are all joint first authors – and other

Copyright Izquierdo and Silva.

This article is distributed under the

terms of the Creative Commons

Attribution License, which permits

unrestricted use and redistribution

provided that the original author and

source are credited.

Related research articles Placzek AN, Molfese

DL, Khatiwada S, Viana Di Prisco G, Wei H,
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Neurons may compete against one another for integration into a memory trace.
Specifically, neurons in the lateral nucleus of the amygdala with relatively higher levels
of cAMP Responsive Element Binding Protein (CREB) seem to be preferentially allocated
to a fear memory trace, while neurons with relatively decreased CREB function seem
to be excluded from a fear memory trace. CREB is a ubiquitous transcription factor that
modulates many diverse cellular processes, raising the question as to which of these
CREB-mediated processes underlie memory allocation. CREB is implicated in modulating
dendritic spine number and morphology. As dendritic spines are intimately involved in
memory formation, we investigated whether manipulations of CREB function alter spine
number or morphology of neurons at the time of fear conditioning. We used viral vectors
to manipulate CREB function in the lateral amygdala (LA) principal neurons in mice
maintained in their homecages. At the time that fear conditioning normally occurs, we
observed that neurons with high levels of CREB had more dendritic spines, while neurons
with low CREB function had relatively fewer spines compared to control neurons. These
results suggest that the modulation of spine density provides a potential mechanism for
preferential allocation of a subset of neurons to the memory trace.

Keywords: CREB, amygdala, fear memory, dendritic spines, viral vector

INTRODUCTION
The cAMP Responsive Element Binding Protein (CREB) is an
activity regulated transcription factor that modulates the tran-
scription of genes with cAMP responsive elements (CRE) located
in their promoter regions. Early research in Aplysia (Dash et al.,
1990; Kaang et al., 1993; Bartsch et al., 1995) and D. melanogaster
(Yin et al., 1994, 1995; Perazzona et al., 2004) first implicated
CREB in memory formation. Since that time, the important role
of CREB in memory has been shown across a variety of species
from C. elegans (Kauffman et al., 2010; Lau et al., 2013) to
rats (Guzowski and McGaugh, 1997; Josselyn et al., 2001), mice
(Bourtchuladze et al., 1994; Kida et al., 2002; Pittenger et al.,
2002; Gruart et al., 2012) and humans (Harum et al., 2001) (for
review, see Josselyn and Nguyen, 2005) but see Balschun et al.
(2003). For instance, we (Han et al., 2007), and others (Zhou
et al., 2009; Rexach et al., 2012) previously showed that increas-
ing CREB function in a small portion of lateral amygdala (LA)
neurons (roughly 8–10% of LA principal neurons) was sufficient
to enhance auditory fear memory. Moreover, we observed that
LA neurons with relatively higher CREB function at the time
of training were preferentially included, whereas neurons with
lower CREB function were excluded, from the subsequent LA
fear memory trace (Han et al., 2007, 2009). Conversely, disrupt-
ing CREB function by expressing a dominant negative version of

CREB (CREBS133A)in a similar small percentage of LA neurons
did not affect auditory fear memory, likely because the neurons
expressing CREBS133A were largely excluded from the memory
trace. Furthermore, post-training ablation (Han et al., 2009) or
silencing (Zhou et al., 2009) of neurons overexpressing CREB dis-
rupted subsequent expression of the fear memory, confirming the
importance of these neurons. Together, these data suggest that
neurons with high levels of CREB at the time of training are pref-
erentially allocated to the memory trace because they somehow
outcompete their neighbors (Won and Silva, 2008).

CREB is a ubiquitous transcription factor implicated in many
diverse cellular processes in addition to memory formation,
including regulation of proliferation, survival, apoptosis, differ-
entiation, metabolism, glucose homeostasis, spine density, and
morphology (Bourtchuladze et al., 1994; Murphy and Segal,
1997; Silva et al., 1998; Mayr and Montminy, 2001; Lonze et al.,
2002; Wayman et al., 2006; Aguado et al., 2009; Altarejos and
Montminy, 2011). Which of these CREB-mediated processes
is/are important for memory allocation? Here we investigated
one CREB-mediated process, the regulation of spine density and
morphology.

Dendritic spines are small, highly motile structures on den-
dritic shafts which provide flexibility to neuronal networks. As
an increase in the synaptic strength between neurons is thought
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Abstract

Mouse models with physiological and behavioral differences attributable to differential plasticity of hippocampal and
amygdalar neuronal networks are rare. We previously generated ataxin-2 (Atxn2) knockout mice and demonstrated that
these animals lacked obvious anatomical abnormalities of the CNS, but showed marked obesity and reduced fertility. We
now report on behavioral changes as a consequence of Atxn2-deficiency. Atxn2-deficiency was associated with impaired
long-term potentiation (LTP) in the amygdala, but normal LTP in the hippocampus. Intact hippocampal plasticity was
associated behaviorally with normal Morris Water maze testing. Impaired amygdala plasticity was associated with reduced
cued and contextual fear conditioning. Conditioned taste aversion, however, was normal. In addition, knockout mice
showed decreased innate fear in several tests and motor hyperactivity in open cage testing. Our results suggest that Atxn2-
deficiency results in a specific set of behavioral and cellular disturbances that include motor hyperactivity and abnormal
fear-related behaviors, but intact hippocampal function. This animal model may be useful for the study of anxiety disorders
and should encourage studies of anxiety in patients with spinocerebellar ataxia type 2 (SCA2).
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Introduction

The ataxin-2 (ATXN2) gene belongs to a group of genes, in
which expansion of a translated CAG repeat causes neurodegen-
eration. The function of ataxin-2 is unknown but expansion of the
polyglutamine (polyQ) tract from normally 22 to $32 repeats
causes a late-onset, autosomal dominant ataxia (spinocerebellar
ataxia type 2, SCA2), levodopa-responsive Parkinsonism and
various cognitive deficits involving mainly executive function and
verbal memory [1–4].
Ataxin-2 is a cytoplasmic protein that is expressed throughout

the brain [5]. Structural analysis and experimental data suggest
that ataxin-2 may play an important role in RNA processing.
Ataxin-2 contains Like-SM (LSm) domains which are thought to
be involved in protein-protein and protein-RNA interactions [6,7].
Several lines of experimental evidence also implicate a function of
ataxin-2 in RNA metabolism. These include observations showing
that ataxin-2 is a component of the polysome complex and that it
binds to polyA binding protein 1 (PABP-1) in translation initiation
[8]. Furthermore, ataxin-2 is a component of stress granules and
P-bodies, which are cytoplasmic repositories of untranslated
mRNA during cell stress [9], and it interacts with A2BP1/fox-1,
a known RNA splicing factor [10,11].
Although the mouse ortholog of ataxin-2 is more than 90%

identical to the human protein, it contains only one glutamine at
the site of the human polyQ tract, which suggests that the normal
function of ataxin-2 is not dependent on the polyQ tract [12].
Murine ataxin-2 is widely expressed in both neuronal and

nonneuronal tissues. However, strong murine ataxin- 2 expression
is found in specific neuronal groups such as large pyramidal
neurons and Purkinje cells and in subpopulations of neurons in the
hippocampus, thalamus, and hypothalamus [5]. In non-neuronal
tissues, high levels of ataxin-2 are found in the heart and skeletal
muscle. During mouse development, ataxin-2 is expressed as early
as embryonic day 8 (E8) in mesenchymal cells and the heart, with
a burst of expression at E11 [5]. In humans, high levels of ataxin-2
are found in neurons of the hippocampus and cerebral tissues in
addition to Purkinje neurons [13].
To understand the function of ataxin 2, we previously generated

Atxn2 knockout mice using homologous recombination [14].
Despite widespread expression of ataxin-2 throughout develop-
ment, homozygous Atxn2 knockout mice were viable, fertile and
did not display obvious anatomical or histological abnormalities
[14]. A propensity toward hyperphagia and obesity, when fed a
moderately-enriched fat diet and subtle motor deficits on the
rotarod in late adulthood were observed [14]. These observations
were confirmed in an independently generated Atxn2 knockout
model, which in addition demonstrated insulin resistance in Atxn2-
deficient animals [15].
Several knockout mouse models of other polyQ disease genes

have been generated. These include mice deficient for Atxn1,
Atxn3 and huntingtin (htt) [16–18]. Although htt ko mice were
embryonic lethal [17], mouse knockouts of SCA genes survived
normally into adulthood. Each line, however, exhibited specific
abnormalities such as reduced exploratory behavior and increased
levels of ubiquitinated proteins in Atxn3 ko mice [18], and
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