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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 phaeochromocytomas, and myeloid leukemias, two phenotypes observed
in NF1 patients. Moreover, mice carrying Nf1 2/2
mutations in particular cell populations develop neurofibromas [16,17] and mice 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
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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 regions corresponding to areas of high T2 signal intensity on MRI performed before
death in two children concluded that the
GDP
high-signal intensity lesions on MRI represented regions containing increased fluid
within the myelin associated with hyperplastic or dysplastic glial cell proliferation
(DiPaolo et al., 1995).
Based on these collective findings, it
was proposed that early metabolic abnormalities in these brains leads to focal
edema and vacuolization of myelin, which
may be visible as T2 hyperintensities, followed by destruction of neurons, and ultimately to regression of visible lesions.
Further support for a widespread myelin
GTP
disorder model derives from water diffusion MRI, which identified significant increases in brain water diffusion in NF1
patient brains (Eastwood et al., 2001; Alkan 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 differences were observed, underscoring the
notion that these hyperintense MRI abnormalities represent focal patches indicative of abnormal myelin.
Macrocephaly is another common feature of children with NF1 (Friedman and
Birch, 1997; Friedman et al., 1999). OverTRENDS in Molecular
Medicine subjects showed signifall, macrocephalic
icant increases in white matter volumes
(Steen et al., 2001; Cutting et al., 2002),
with increased gray matter volumes variablypathways.
observed. One heavily myelinated
Fig. 1. The interactions of neurofibromin (NF1) with different signaling
the corpus callosum, has been exNF1 has several known biochemical functions, including activationtract,
of
the Ras
tensively examined: children with NF1
have significantly
GTPase, modulation of adenylyl cyclase (AC), and microtubule association.
Ras larger corpus callosi
compared with controls (Kayl et al., 2000;
Figure 1. Neurofibromin signaling pathway regulation. The NF1 gene product, neurofibromin, functions as both a negative
activates several effector molecules, including the Ral GDP-dissociation
stimulator
Moore et al., 2000), and a larger corpus regulator of RAS activity (RAS GAP) and as a positive regulator of AC activity. Impaired neurofibromin function leads to increased
callosum size
is associated with reduced RAS activation, resulting in high levels of RAF/MEK and AKT/mTOR signaling. Similarly, reduced neurofibromin function is associ(Ral-GDS), Raf and phosphatidylinositol 3-kinase (PI3K). Abbreviation:
GEF,
IQ (Pride et al., 2010). Even in adults, in- ated with decreased cAMP levels and reduced protein kinase A (PKA) activity. GRD, GAP-related domain.
guanine-nucleotide exchange factor.
creased corpus callosum size is found in
brains from NF1 patients (Wignall et al.,
Direct evidence that oligodendrocyte lineage cells can be af2010). Together, these findings provide evidence for more pervarights reserved. PII: S1471-4914(02)00008-4
fected by loss of NF1 expression derives from several studies in
sive myelin dysfunction in the brains of individuals with NF1.
mice: following bi-allelic Nf1 gene inactivation in neuroglial proNeurofibromin, the NF1 gene product, is widely expressed in the
genitor cells, oligodendrocyte precursors are increased in numCNS during early development. By mid-gestation, newly postmiber in vitro and in vivo (Bennett et al., 2003; Hegedus et al., 2007).
totic neurons show increased levels of neurofibromin compared
Consistent with an important role for oligodendrocytes in NF1
with less differentiated neuroepithelial cells (Daston and Ratner,
biology, Nf1 inactivation in the brain results in increased num1992; Huynh et al., 1994). In the adult CNS, neurofibromin is
bers of NG2! glial cells in the mouse brain (Hegedus et al., 2007)
strongly expressed in subsets of neurons, including projection neuand altered neuron– glial specification (Wang et al., 2012). Currons (Nordlund et al., 1993). Oligodendrocytes also express high
rent studies are aimed at testing how loss of Nf1 expression affects
levels of neurofibromin (Daston and Ratner, 1992; Daston et al.,
oligodendrocyte differentiation and function.
1992). In contrast, astrocytes lack detectable levels of neurofibromin
expression in situ (Daston and Ratner, 1992; Daston et al., 1992;
Low-grade gliomas in NF1
Nordlund et al., 1993, 1995), but can be induced after injury (Hewett
Gliomas arising in the context of NF1 are largely restricted to the
et al., 1995).
optic pathway (nerve, chiasm, and radiations) and brainstem of
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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.
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nic-tranLüscherK01-NS047548-01A4
and Huber, 2010).
Funding:
This study
was supported
by NINDS grant
HPD, grant RO1 ablation
NS33123 from
NINDS
and 2009)
a grant or
from the National Ataxia
scription of genesotine
with and
cAMP
responsive
elements
(CRE)
trace. Furthermore,topost-training
(Han
et al.,
cocaine
brain located
in and R01-AG13622
foundation –tochanges
SMP, grantsthe
P50-MH0779720
to AJS. The
no role Costain study design, data collection and analysis, decision to
in from
twoNIH
papers
in funders
eLife, had
Mauro
in their promoterways
regions.
research
Aplysia
(Dash et al., Now,
silencing (Zhou et al., 2009) of neurons overexpressing CREB dispublish,
or preparation
of the
manuscript.
thatEarly
contribute
toin the
downward
Mattioli from the Baylor College of Medicine
1990; Kaang et al., 1993; Bartsch
et al., Interests:
1995) and
D.authors
melanogaster
rupted subsequent expression of the fear memory, confirming the
Competing
The especially
have declared that no competing interests exist.
spiral of addiction.
Adolescents
are
and importance
colleagues report
a protein
that regu(Yin et al., 1994, 1995; Perazzona
et al., 2004) first implicated
of thesethat
neurons.
Together,
these data suggest that
* E-mail:
stefan.pulst@hsc.utah.edu
vulnerable since their
newly
found independence lates translation is also responsible for much of
CREB in memory formation. Since that time, the important role neurons with high levels of CREB at the time of training are prefis often associated with taking more risks the increased risk of addiction seen in adolesCopyright Izquierdo and Silva.
of CREB in memory has been shown across a variety of species
erentially allocated to the memory trace because they somehow
This article is distributed under the
To make
worse,
adolescent outcompete
mice and humans.
The nonneuronal
protein
interest
is
from C. (Spear,
elegans 2000).
(Kauffman
et al.,matters
2010; Lau
et al.,
2013) to
their neighbors
(Wonofand
Silva, However,
2008).
tissues.
strong murine ataxin- 2 expression
Introduction
terms of the Creative Commons
cence and
is also
characterized
by an increased
sen-mice
a translation
factoristranscription
called
rats (Guzowski
McGaugh,
1997; Josselyn
et al., 2001),
foundeIF2a.
in specific
such as large pyramidal
CREBinitiation
is a ubiquitous
factor neuronal
implicatedgroups
in many
Attribution License, which permits
ataxin-2
geneabuse
belongs
group
ofpaper,
genes,processes
in Huang,
sitivity et
to al.,
natural
rewards
drugsPittenger
of
the
firstcellular
Wei
Placzek,
neurons
and Purkinje
cells and in
subpopulations of neurons in the
(Bourtchuladze
1994;The
Kida
et and
al.,(ATXN2)
2002;
et al.,to Inadiverse
in Andon
addition
to memory
formation,
unrestricted use and redistribution
expansion
of a translated
CAG repeat
causes
neurodegenhippocampus,
thalamus,
and hypothalamus
(Badanich
et al.,which
2006;
Brenhouse
and
Gonzalo
Viana
Di Prisco and
Sanjeev Khatiwada
– apoptosis,
2002;
et al., 2012)
and
humans
(Harum
et al.,Ander2001)
(for
provided that the original author
and Gruart
including
regulation
of proliferation,
survival,
differ- [5]. In non-neuronal
eration. The
function
of ataxin-2
is unknown
but
tissues, high
levelsother
of ataxin-2
are found
in the heart and skeletal
source are credited.
who entiation,
areexpansion
all metabolism,
jointof the
first authors
–homeostasis,
and
sen,
2008;and
Stolyarova
and
Izquierdo,
2015).
review, see
Josselyn
Nguyen,
2005)
but see Balschun
et al.
glucose
spine density,
and
polyglutamine (polyQ) tract from normally 22 to $32 repeats
muscle. During mouse development, ataxin-2 is expressed as early
(2003). For instance, we causes
(Han et
al., 2007), autosomal
and othersdominant
(Zhou ataxia
morphology
(Bourtchuladze
et al., 1994; Murphy and Segal,
a late-onset,
(spinocerebellar
as embryonic day 8 (E8) in mesenchymal cells and the heart, with
et al., 2009; Rexach et al., ataxia
2012) previously
showed
that increas- 1997;
Silva et al.,and
1998; Mayr
and Montminy, 2001; Lonze et al.,
type 2, SCA2),
levodopa-responsive
Parkinsonism
a burst of expression at E11 [5]. In humans, high levels of ataxin-2
Izquierdo and Silva. eLife 2016;5:e14576.
DOI: 10.7554/eLife.14576
1 of 2009;
3
ing CREB function
in a small
portion
of deficits
lateral amygdala
(LA) executive
2002; Wayman
Aguado
et al.,
and and cerebral tissues in
various
cognitive
involving mainly
function et
andal., 2006;
are found
in neurons
of theAltarejos
hippocampus
neurons (roughly 8–10% of
LA principal
neurons) was sufficient Montminy, 2011). Which
of these
CREB-mediated
processes
verbal
memory [1–4].
addition
to Purkinje
neurons [13].
Ataxin-2Moreover,
is a cytoplasmic
protein that
throughout
to enhance auditory fear memory.
we observed
that is expressed
is/are important
for memory
allocation?
Here
we
investigated
To understand the function of ataxin 2, we previously generated
the higher
brain [5].
Structural
analysis
experimental
data suggest process,
LA neurons with relatively
CREB
function
at theand
time
one CREB-mediated
regulation
of spine
and recombination [14].
Atxn2 the
knockout
mice
using density
homologous
that ataxin-2
may
play anneurons
important
in RNA processing.
Despite widespread expression of ataxin-2 throughout developof training were preferentially
included,
whereas
withrole morphology.
Ataxin-2
contains
(LSm) domains
are thought
to are small,
ment, homozygous
Atxn2
knockout
lower CREB function were
excluded,
fromLike-SM
the subsequent
LA which
Dendritic
spines
highly motile
structures
onmice
den-were viable, fertile and
beal.,
involved
protein-protein
anddisruptprotein-RNA interactions [6,7].
did flexibility
not displaytoobvious
anatomical
or As
histological abnormalities
fear memory trace (Han et
2007, in
2009).
Conversely,
dritic shafts which provide
neuronal
networks.
Several lines of experimental evidence also implicate a function of
[14]. A propensity toward hyperphagia and obesity, when fed a
ing CREB function by expressing a dominant negative version of an increase in the synaptic
strength between neurons is thought
ataxin-2 in RNA metabolism. These include observations showing

E

X⊥
⊥ Z | Y || ∅

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,December
which in2013
addition
demonstrated
resistance in Atxn2| Volume
7 | Article 209insulin
|1
deficient animals [15].
Several knockout mouse models of other polyQ disease genes
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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

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
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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
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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

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
Frontiers in Behavioral Neuroscience
www.frontiersin.org

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
PLoS ONE | www.plosone.org
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The Essential Role of Hippocampal CA1
NMDA Receptor–Dependent
Synaptic Plasticity in Spatial Memory

[4]

Joe Z. Tsien, Patricio T. Huerta,
and Susumu Tonegawa
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Center for Learning and Memory
Center for Cancer Research
Department of Biology
Massachusetts Institute of Technology
Cambridge, Massachusetts 02139

Summary
We have produced a mouse strain in which the deletion
of the NMDAR1 gene is restricted to the CA1 pyramidal
cells of the hippocampus by using a new and general
method that allows CA1-restricted gene knockout.
The mutant mice grow into adulthood without obvious abnormalities. Adult mice lack NMDA receptor–
mediated synaptic currents and long-term potentiation in the CA1 synapses and exhibit impaired spatial
memory but unimpaired nonspatial learning. Our results strongly suggest that activity-dependent modifications of CA1 synapses, mediated by NMDA receptors, play an essential role in the acquisition of spatial
memories.
Introduction
It has long been hypothesized that memory storage in
the mammalian brain involves modifications of the synaptic connections between neurons. Hebb (1949) introduced an influential theory consisting of principles that
neurons must exhibit for implementing associative
memory. An important principle, known as the Hebb
rule, is that of “correlated activity”: when the presynaptic
and the postsynaptic neurons are active simultaneously,
their connections become strengthened. It is well established that N-methyl-D-aspartate receptors (NMDARs)
can implement the Hebb rule at the synaptic level, and
they are thus considered the crucial synaptic elements
for the induction of activity-dependent synaptic plasticity. NMDARs act as coincidence detectors because they
require both presynaptic activity (glutamate released by
axonal terminals) and postsynaptic activity (depolarization that releases the Mg2" block) as a condition for
channel opening (Nowak et al., 1984; McBain and Mayer,
1994). Active NMDAR channels allow calcium influx into
the postsynaptic cell, which triggers a cascade of biochemical events resulting in synaptic change. Long-term
potentiation (LTP) is a widely used paradigm for increasing synaptic efficacy, and its induction requires, in at
least one of its forms, the activation of NMDARs (Bliss
and Lømo, 1973; Bliss and Collingridge, 1993). Conventionally, NMDAR-dependent LTP is elicited by giving a
strong pattern of electrical stimulation (a 25–100 Hz train
for !1 s) to the inputs, which triggers a rapid and lasting
increase in synaptic strength.
The hippocampus is the most intensely studied region
for the importance of NMDARs in synaptic plasticity and

memory. It is well known that lesions of the hippocampus in humans and other mammals produce severe amnesia for certain memories (Scoville and Milner, 1957;
Morris et al., 1982; Zola-Morgan et al., 1986; reviewed
by Squire, 1987). Importantly, it has been demonstrated
that disruption of NMDARs in the hippocampus leads
to blockade of synaptic plasticity and also to memory
malfunction (reviewed by Morris et al., 1991; Rawlins,
1996). For instance, application of NMDAR antagonists
(such as 2-amino-5-phosphonopropionic acid [AP5])
completely blocks the induction of LTP in most hippocampal synapses (Collingridge et al., 1983; Zalutsky and
Nicoll, 1990; Hanse and Gustafsson, 1992). Morris et al.
(1986) were the first to show that rats that received
infusion of AP5 into the hippocampus were deficient in
performing a spatial memory task in which the animals
are required to form multiple spatial relations between
a hidden platform in a circular pool (known as a water
maze) and visible objects in the surrounding environment and swim to the platform to escape from the water.
Subsequently, this issue was reinvestigated by using
“gene knockout” mice. These genetically engineered
mice lack a gene encoding a component that is thought
to be at the downstream of activated NMDARs in the
biochemical cascade for LTP induction (reviewed by
Chen and Tonegawa, 1997). For example, mice with a
deletion in the gene encoding the ! subunit of calciumcalmodulin-dependent protein kinase II (!CaMKII) display impaired LTP in the CA1 region of the hippocampus
and a deficit in spatial learning (Silva et al., 1992a,
1992b).
Even though the results of these genetic and pharmacological experiments are consistent with the notion
that hippocampal LTP is the synaptic mechanism for
spatial memory, other interpretations cannot be excluded. For instance, in the case of the gene knockout
mice, every cell in the organism lacks the gene of interest. Consequently, all of the functions of the gene product, not only its role in LTP induction, are affected in
the mutants. Hence, it is possible that spatial memory
is independent of hippocampal LTP and that the memory
deficit in mutants arises from lack of the gene product
in other functions (such as developmental roles). Likewise, in pharmacological studies the target of the AP5
infusion is not restricted to the hippocampus (Butcher
et al., 1991). Therefore, NMDARs expressed in neurons
in the neighboring neocortex (and other brain areas)
are also inhibited to a varying extent. Since NMDARs
contribute substantially to the basal synaptic transmission of excitatory synapses in the neocortex (reviewed
by Hestrin, 1996), it is likely that the infused AP5 may
impair not only LTP induction in the hippocampus but
also the computational ability of neocortical regions that
play an important role in spatial memory.
A way to circumvent the aforementioned problems
is to modify the gene knockout method such that the
deletion is restricted to a certain region or a certain cell
type within the brain. As described in the accompanying
article (Tsien et al., 1996 [this issue of Cell]), we have
exploited the Cre/loxP recombination system derived
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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 longterm potentiation (LTP) and spatial learning. In addition to its calcium-calmodulin (CaM)–
dependent activity, CaMKII can undergo autophosphorylation, resulting in CaM-independent 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.

K. P. Giese, N. B. Fedorov, A. J. Silva, Cold Spring Harbor Laboratory, Cold Spring Harbor, NY 11724, USA.
R. K. Filipkowski, Department of Neurophysiology,
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gene (13). We confirmed that the
!CaMKIIT286A-129B6F2 mutation decreased
the total CaM-independent CaMKII activity 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 extracellular field recordings in the stratum

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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Long-lasting changes in synaptic strength
(such as LTP) are thought to underlie learning 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). Autophosphorylation at Thr286 endows !CaMKII
with the ability to switch from a CaMdependent to a CaM-independent state (8).
Consistent with the model, LTP induction
triggers a long-lasting increase in the autophosphorylated form of CaMKII (9, 10) and
in its CaM-independent activity (11). These
studies, however, do not demonstrate that
the autophosphorylation of CaMKII is required for either LTP or learning.
To determine whether the autophosphorylation of !CaMKII at Thr286 is required for
LTP and learning, we substituted Thr286 (T)
for alanine (A) (T286A). The T286A mutation 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

radiatum of hippocampal slices (16). We
focused our studies on the CA1 region because 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 determined 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 transmission, because the relation between evoked
fiber volleys and field excitatory postsynaptic potentials (fEPSPs) was indistinguishable between mutant (nine mice,
nine slices) and wild-type mice (nine
mice, nine slices) (Fig. 2D). This result also
suggests that the !CaMKIIT286A-129B6F2 mutation did not affect synaptic connectivity
in the CA1 region. Synaptic responses collected during the 10-Hz tetanus were similar in mutant and wild-type mice (18), indicating that the LTP deficit of the mutants was not due to decreased synaptic
transmission during tetanic stimulation.
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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

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
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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].
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ataxin-2 in RNA metabolism. These include observations showing
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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,December
which in2013
addition
demonstrated
resistance in Atxn2| Volume
7 | Article 209insulin
|1
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

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
Frontiers in Behavioral Neuroscience
www.frontiersin.org

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
PLoS ONE | www.plosone.org
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Conflict Resolution with Answer Set Programming [6]
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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 unmeasured confounders. However, the available methods have so far not been able to provide a principled account of how to handle conflicting constraints that arise from statistical variability. Here
we present a new approach that preserves the versatility of Boolean constraint solving and attains
a high accuracy despite the presence of statisti-

Matti Järvisalo
HIIT & Department of Computer Science
University of Helsinki, Finland

faithfulness (Spirtes et al., 1993). Unlike many other approaches, 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 orientations 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-
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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,December
which in2013
addition
demonstrated
resistance in Atxn2| Volume
7 | Article 209insulin
|1
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

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
Frontiers in Behavioral Neuroscience
www.frontiersin.org

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
PLoS ONE | www.plosone.org
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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,December
which in2013
addition
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resistance in Atxn2| Volume
7 | Article 209insulin
|1
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

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
Frontiers in Behavioral Neuroscience
www.frontiersin.org

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
PLoS ONE | www.plosone.org
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