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The Prader–Willi syndrome (PWS) genetic interval contains several brain-expressed small nucleolar
(sno)RNA species that are subject to genomic imprinting. In vitro studies have shown that one of these
snoRNA molecules, h/mbii-52, negatively regulates editing and alternative splicing of the serotonin 2C recep-
tor (5htr2c) pre-RNA. However, the functional consequences of loss of h/mbii-52 and subsequent increased
post-transcriptional modification of 5htr2c are unknown. 5HT2CRs are important in controlling aspects of
cognition and the cessation of feeding, and disruption of their function may underlie some of the psychiatric
and feeding abnormalities seen in PWS. In a mouse model for PWS lacking expression of mbii-52 (PWS-
IC1/2), we show an increase in editing, but not alternative splicing, of the 5htr2c pre-RNA. This change in
post-transcriptional modification is associated with alterations in a number of 5HT2CR-related behaviours,
including impulsive responding, locomotor activity and reactivity to palatable foodstuffs. In a non-5HT2CR-
related behaviour, marble burying, loss of mbii-52 was without effect. The specificity of the behavioural
effects to changes in 5HT2CR function was further confirmed using drug challenges. These data illustrate,
for the first time, the physiological consequences of altered RNA editing of 5htr2c linked to mbii-52 loss
that may underlie specific aspects of the complex PWS phenotype and point to an important functional
role for this imprinted snoRNA.

INTRODUCTION

RNA editing is increasingly being recognized as a novel post-
transcriptional mechanism to modify the function of an
encoded gene. In the brain, a number of neurotransmitter
receptor pre-mRNA species have been identified as subject
to RNA editing processes (1–3). The serotonin 2C receptor
(5HT2CR) pre-RNA is subject to adenosine-to-inosine
editing at five sites (A, B, C, D, E) within the alternatively
spliced exon Vb. As inosine behaves as a guanine in trans-
lation, editing causes a change in the amino acid sequence
in the second intracellular loop of the encoded receptor
protein, which in turn results in a less functional 5HT2CR
(1). The level of editing of the 5htr2c pre-mRNA has been

shown to be sensitive to pharmacological and behavioural
manipulations of serotonin levels (4–6) and is altered in psy-
chiatric disease states (7,8). Also, genetic manipulations that
lead to extreme levels of editing can have behavioural
effects (9).

A key regulator of post-transcriptional modification of
5htr2c pre-mRNA is the small nucleolar (sno)RNA, hbii-52.
hbii-52 has an 18nt complementary anti-sense box to the
edited region of the 5htr2c pre-mRNA and was first identified
as one of several snoRNA species found in the Prader–Willi
syndrome (PWS) imprinting cluster (10). In vitro studies
have demonstrated that this snoRNA is important in modulat-
ing both RNA editing (11) and alternative splicing (12,13) of
5htr2c pre-mRNA. Furthermore, studies of post mortem PWS
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brain have indicated that when loss of expression of hbii-52
occurs, this is correlated with an increase in RNA editing of
5htr2c pre-mRNA (13). 5HT2CRs play many important roles
in the brain, and as such abnormal post-transcriptional modifi-
cations of 5htr2c pre-mRNA due to loss of hbii-52 may
underlie some of the PWS behavioural phenotype, in particu-
lar, aspects of psychiatric illness. However, as yet no one
has directly assessed the physiological consequences of
hbii-52 loss.

Utilizing an imprinting centre deletion model of PWS (14),
we were able to examine the behavioural consequences of an
alteration in RNA editing of the 5htr2c pre-mRNA as a result
of the loss of expression of mbii-52, the murine homologue of
hbii-52. Our data point to an important and novel role for this
imprinted snoRNA in regulating brain serotonin effects on
behaviour via its action on 5htr2c.

RESULTS

Altered RNA editing but not alternative splicing of
5htr2c in PWS-IC1/2 brain

First, it was important to demonstrate a clear change in the
molecular processing of 5htr2c pre-RNA in the PWS-ICþ/2

brain and link these changes with the loss of the snoRNA
mbii-52 in this model. As expected, quantitative real-time
PCR (qPCR) analysis revealed a significantly reduced
expression of mbii-52 in adult PWS-ICþ/2 brain (single hemi-
sphere) samples (Fig. 1A). We then went on to examine the
extent of RNA editing of the 5htr2c pre-RNA and found an
increase in overall levels of A-to-I editing (Fig. 1B).
However, qPCR analyses of the full- and truncated-splice
variants of 5htr2c revealed no difference in expression levels
or splice variant ratios between PWS-ICþ/2 and controls
(Fig. 1C). Furthermore, qPCR revealed no significant
changes in expression of several other important 5HT receptor
types (Fig. 1D). Similarly, there was no change in the
expression of the snoRNA mbi-36 (Fig. 1D), which is tran-
scribed from the second intron of 5htr2c and has been
suggested to play an antagonistic role to mbii-52 (10).

mbii-52 has a complementary anti-sense box specifically to
the 5htr2c pre-RNA. We would therefore expect post-
transcriptional modifications only at this RNA species. This
was clearly demonstrated by examining the degree of editing
of another neurotransmitter receptor pre-RNA that is subject
to post-transcriptional modification, Glur2. There were no
differences in the percentage levels of editing of Glur2
between PWS-ICþ/2 (84.1%) and wild-type (WT; 82.6%)
adult hemi-brain samples (x2, P ¼ 0.82).

PWS-IC1/2 mice show increased 5HT2cR-mediated
impulsivity in the 5-choice serial reaction time task

In order to examine the behavioural consequences of increased
editing, we assessed the performance of the PWS-ICþ/2 mice
in the 5-choice serial reaction time task (5-CSRTT). We chose
5-CSRTT because it is an extensively characterized cognitive
task that uses nose poke responses to brief flashes of light pre-
sented pseudorandomly across an array of five locations
to measure aspects of attention (response accuracy and

omissions) and impulse control (premature responding) in
rodents (15). Moreover, the task is well defined in terms of
the role of neurotransmitter systems, and pharmacological
manipulation of 5HT2C receptors in the 5-CSRTT produces
distinct and robust effects on impulse control (16–18). The
rodent 5-CSRTT is analogous to continuous performance
tasks in humans and as such measures behaviours of relevance
to aspects of psychiatric disease (15,19,20).

PWS-ICþ/2 and WT control mice acquired the task to per-
formance criteria (.80% accuracy and ,25% omissions).
Under baseline, non-drugged conditions, premature respond-
ing during the inter-trial interval (ITI; when the subject is
waiting for the light stimulus presentation to occur) was not
different between PWS-ICþ/2 mice and WT controls, either
at the baseline ITI of 5 s (Fig. 2A) or under conditions
where the ITI was increased within the session to encourage
the tendency to make an impulsive response (Fig. 2B).
There were, however, small but significant differences
between the PWS-ICþ/2 mice and WT controls in behavioural
indices of attentional functioning, with the PWS-ICþ/2 mice
showing relatively worse performance in discriminative accu-
racy measures and percentage omissions (Fig. 2C).

We then went on to examine 5HT2CR-mediated behaviour
in the task directly by examining the response of
PWS-ICþ/2 mice to the 2C-specific antagonist, SB242084.
This drug has been shown to increase the number of premature
responses in the 5-CSRTT in both rats (18) and mice (16). As
expected, SB242084 systematically increased premature
responding in a dose-dependent manner across both groups
(Fig. 3A). However, this effect was more pronounced in
PWS-ICþ/2 mice, where these subjects made nearly twice
as many premature responses compared with WTs at the
higher doses (Fig. 3A). The effect of SB242084 was specific
to premature responding as measures of attention in the task
were unaltered (Fig. 3B and C). To further test the specificity
of serotonin-mediated interactions on premature responding,
we then examined the response of both groups to ketanserin,
a 5HT2AR antagonist that has weak affinity for 2C, and has
been shown to reduce the number of premature responses in
the 5-CSRTT (17). Ketanserin dose-dependently reduced pre-
mature responding equally in both the PWS-ICþ/2 and WT
mice (Fig. 3D), indicating no differential 5HT2AR function
in the PWS-ICþ/2 mice.

PWS-IC1/2 mice show increased locomotor activity
in the presence of food reward

Analysis of beam breaks in the 5-CSRTT operant boxes
suggested that PWS-ICþ/2 mice were more active than WT
controls and that the 5HT2CR antagonist SB242084, which
increased activity in both groups, had an enhanced effect in
the PWS-ICþ/2 mice (Fig. 4A). This finding was even more
striking given the fact that when locomotor activity (LMA)
was measured outside the operant boxes in simple activity
cages, where no food reward was present, the PWS-ICþ/2

mice were hypoactive compared with WT animals (Fig. 4B).
We surmised that the increased activity displayed by the
PWS-ICþ/2 mice in the operant boxes may reflect an
enhanced arousal to the presence of the food reward (in this
case 10% condensed milk solution). Support for this idea
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was provided by the 2-choice preference test, where the
animals had to choose between water and the 10% condensed
milk used in the 5-CSRTT. Indicative of an enhanced reactiv-
ity to palatable foodstuffs the PWS-ICþ/2 mice acquired a
preference for the 10% condensed milk more rapidly and con-
sumed more of the 10% condensed milk when normalized for
body weight (Fig. 4C).

PWS-IC1/2 mice show no effects on marble burying
behaviour

As an additional test of the extent to which the effects of the
loss of mbii-52 on behaviour were specific to 5HT2CR, we
assessed the PWS-ICþ/2 mice in another behavioural task,
the marble burying task, which was sensitive to general

Figure 1. Molecular analysis. (A) Expression of mbii-52 was almost completely abolished in the brains of PWS-ICþ/2 mice (n ¼ 8) compared with WT controls
(n ¼ 8); Student’s t-test, P ¼ 0.002. There was an increase in overall levels of editing of 5htr2c pre-RNA (B); ANOVA, F1,146 ¼ 7.28, P ¼ 0.008. However,
there was no change in the expression levels of the full-length (full) and truncated (trunc) splice variants (C); Student’s t-test; full, P ¼ 0.33; trunc, P ¼
0.25. There was no significant change in expression levels of several other important serotonin receptor genes or the snoRNA mbi-36, which is transcribed
from within the second intron of the 5htr2c gene (D); Student’s t-test, P ¼ 0.28. Data shown are the mean for each group+SEM; ��P , 0.001.

Figure 2. Behavioural measures of performance in the 5-CSRTT. There were no differences between PWS-ICþ/2 (n ¼ 16) and WT (n ¼ 29) in the number of
premature responses in the 5-CSRTT under baseline, non-drugged conditions (A); Students t-test, P ¼ 0.31. Similarly, there were no differences in premature
response number under conditions where the ITI was increased to induce impulsive responding (B); ANOVA, no main effect of GENOTYPE (F1,43 ¼ 0.015,
P ¼ 0.904), no GENOTYPE �MANIPULATION interaction (F2.5,108.4 ¼ 0.89, P ¼ 0.43). Although PWS-ICþ/2 achieved criteria (.80% accuracy and ,25%
omissions), under baseline conditions they displayed small, but significant, impairments in measures of attentional function (C); Student’s t-test; accuracy
P ¼ 0.004; omissions, P , 0.001. Data shown are the mean for each group+SEM; ��P , 0.001.
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manipulations of serotonin but not to 5HT2CR manipulations.
In line with other studies (21,22), we first demonstrated that
the task in our hands was sensitive to dosing with a serotonin-
selective re-uptake inhibitor (SSRI) and that marble burying
behaviour was decreased (Fig. 5A). However, the task was
insensitive to antagonism of 5HT2CR, as treatment with
SB242084 at doses that produce behavioural changes in the
5-CSRTT had no effect on marble burying (Fig. 5B).
PWS-ICþ/2 mice demonstrated equivalent behaviour to WT
controls in the marble burying task (Fig. 5C).

PWS-IC1/2 mice show no difference in whole tissue
monoamine levels

We then went on to examine whether there were any general
differences in whole tissue monoamine levels in the
PWS-ICþ/2 mice in two key brain regions of relevance to
the neural circuitry mediating impulse control, namely the pre-
frontal cortex and ventral striatum. There were no systematic
differences between PWS-ICþ/2 and WT mice in tissue
levels of serotonin, dopamine or noradrenaline (Table 1).

DISCUSSION

Using the PWS-ICþ/2 mouse model, we have demonstrated
the behavioural consequences of an alteration in editing of
5htr2c pre-RNA due to loss of expression of the imprinted
regulatory snoRNA mbii-52. Specifically, we show evidence
that altered 5HT2CR function in brain occurring via this
novel molecular mechanism is associated with effects on
impulsive responding, LMA and reactivity to palatable food
rewards. A non-5HT2CR-mediated, but serotonin-sensitive
behaviour, the marble burying task, was unaltered in the
PWS-ICþ/2 mice.

The PWS-ICþ/2 mouse model we used has a deletion of the
imprinting control region of the PWS interval. This results in
the lack of expression of a number of paternally expressed/
maternally repressed genes in this interval (23), including
mbii-52 (10). Although only mbii-52 has the 18nt complemen-
tary anti-sense box to the edited region of the 5htr2c
pre-mRNA, we controlled for potentially confounding effects
by, in the first instance, examining specific behaviours in the
5-CSRTT that were known to be sensitive to manipulations

Figure 3. Pharmacological manipulation of behavioural measures of performance in the 5-CSRTT. Premature responding in the 5-CSRTT was increased across
both groups by the 5HT2CR antagonist, SB242084 (A). However, this effect was enhanced in PWS-ICþ/2 mice (n ¼ 10) relative to WT controls (n ¼ 25);
ANOVA main effect of GENOTYPE, F1,33 ¼ 5.69, P ¼ 0.023; GENOTYPE � DOSE interaction F2.6,84.5 ¼ 3.08, P ¼ 0.039 (#P , 0.05). The effects of
SB242084 on performance were specific to premature responding as measures of accuracy were unaffected (B); ANOVA, no effect of DOSE (F2.2,76.3 ¼
1.6, P ¼ 0.26). Similarly, SB242084 had no effects on percentage omissions (C); ANOVA, no effect of DOSE (F2.4,72.9 ¼ 1.65, P ¼ 0.19). The differential
effect on premature responding seen in PWS-ICþ/2 mice was specific to antagonism of 5HT2CR, as dosing with ketanserin, a 5HT2AR antagonist that has
weak affinity for 5HT2CR, reduced premature responses equally across both groups (D); ANOVA, main effect of DOSE (F1.7,60.8 ¼ 11.18, P , 0.001), no
DOSE ¼ GENOTYPE interaction (F1.7,60.8¼0.105, P ¼ 0.87). Data shown are the mean for each group+SEM; �Main effect (of DOSE) P , 0.05, #Interaction
P , 0.05.
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of 5HT2CR. The specificity of the behavioural effects observed
were underlined by the effects of selective drug compounds,
whereby the selective 5HT2CR antagonist SB242084 produced
differential changes in behavioural indices of impulse control
between PWS-ICþ/2 mice and controls, but the 5HT2AR
antagonist ketanserin had opposite but equal effects between
the groups. Furthermore, the marble burying task, in which
there was no effect of the 5HT2CR antagonist, and in which
the PWS-ICþ/2 mice and controls performed equally,
suggested that general serotonergic function remains intact
in the mutant mice. Additional evidence of no general
change in serotonergic function was supported by gene
expression data, indicating no systematic changes in the
expression of other important 5HTR subtype genes and no
general change in monoamine whole tissue levels in either
the pre-frontal cortex or the ventral striatum.

The degree of change in editing of the 5htr2c pre-mRNA we
found in the PWS-ICþ/2 adult brain was relatively subtle
(10% increase) but comparable to the change found in

human PWS brain (13). Additionally, although in vitro
studies point to a role for mbii-52 in alternative splicing
(13), we found no apparent change in levels of 5htr2c splice
variants in the PWS-ICþ/2 model, again findings comparable
with data from human PWS brain (13). mbii-52 and 5htr2c
generally show overlapping expression, including in the
frontal cortical regions, ventral striatum (nucleus accumbens,
NAc) and hippocampus (10,24). However, this is not true
for all brain structures, with complete absence of mbii-52
expression in the choroid plexus (10,11). Consequently, our
data may simply reflect the overall, net level of change in
whole adult brain, and it may be important to assess the
degree of both editing and alternative splicing in discrete
brain regions and at different developmental time points.
Nevertheless, it is clear that, despite an almost complete
absence of mbii-52 expression in the brain, the 5htr2c
pre-mRNA does not become fully edited. We suggest two
possible reasons for this: either the level of editing we
observe is the highest that can physiologically be achieved
or there are additional, as yet unidentified, regulators of
these processes that remain intact in the absence of mbii-52.
Whatever the situation at the molecular level, the subtlety

Figure 4. LMA response to, and consumption of food rewards. LMA was
greater in PWS-ICþ/2 mice compared with WT during the 5-CSRTT, and
this was further enhanced by the 5HT2CR antagonist (SB242084) (A);
ANOVA, main effect of GENOTYPE, F1,34 ¼ 8.57, P ¼ 0.006. However, in
simple activity cages, where no food reward is present, PWS-ICþ/2 mice
(n ¼ 20) were hypoactive compared with WT controls (n ¼ 19) (B); Student’s
t-test, P , 0.001. The idea that PWS-ICþ/2 mice show more motivational
arousal by food rewards is supported by data from the 2-choice consumption
test (C). Over successive daily sessions, PWS-ICþ/2 mice (n ¼ 16) consumed
more of the palatable foodstuff (10% condensed milk) than WT controls (n ¼
14), when normalized for body weight (body weight0.75); ANOVA, main
effect of GENOTYPE, F1,26 ¼ 20.7, P , 0.001. Data shown are the mean
for each group+SEM; �P , 0.05; ��Main effect P , 0.001.

Figure 5. Marble burying behaviour. Marble burying behaviour in normal
animals was abolished in response to general manipulations of serotonin
levels by the SSRI paraxotine (n ¼ 6) (A); Student’s t-test, P , 0.001.
However, the 5HT2CR antagonist SB242084 had no effect on burying beha-
viour (B); ANOVA, no main effect of dose F2,32 ¼ 0.29, P ¼ 0.75. Marble
burying was equivalent between PWS-ICþ/2 (n ¼ 10) and WT animals
(n ¼ 9) (C); Student’s t-test, P ¼ 0.63. Data shown are the mean for each
group+SEM; ��P , 0.001.
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and specific nature of the post-transcriptional modifications we
see indicate that behavioural functions are very sensitive to
any change in 5htr2c pre-mRNA editing.

The neurobiological mechanisms underlying the beha-
vioural effects in the PWS-ICþ/2 mice are unknown but the
established inhibitory modulation of dopamine release by the
binding of serotonin to 5HT2CR located within the ventral teg-
mental area and the NAc may be of relevance (25). Thus,
increased editing of the 5htr2c pre-RNA found in
PWS-ICþ/2 mice would lead to a receptor of decreased effi-
cacy and in turn an increase in dopamine release. Such an
effect would be consistent with data showing that 5HT2CRs
in the NAc are important for regulating impulse control in
the 5-CSRTT (26) and would also be consistent with the
increased locomotor response to food rewards seen in the
PWS-ICþ/2 mice, an effect that was disproportionately
enhanced by the selective 5HT2CR antagonist SB242084 and
accompanied by data showing that PWS-ICþ/2 mice were
quicker to develop a preference for a palatable foodstuff and
consumed more of it when normalized for body weight differ-
ences. To test this idea directly, future work needs to address
dopamine release (as opposed to whole tissue levels, which are
unaltered) in the NAc of the PWS-ICþ/2 mice. However, it is
important to point out that 5HT2CRs with decreased efficacy in
other brain systems (e.g. the hypothalamus) also have the
potential to contribute to altered feeding behaviour (27,28).

Recently, evidence from a small number of single-patient
cases (29,30) with localized deletions within paternal
15q11-q13, and studies of a deletion mouse model (31),
appear to have ruled out hbii-52 as a primary causal gene
for PWS, at least as defined by the early life phenotypes
and/or the later hyperphagia. Instead, these and other studies
(32) suggest that the snoRNA HBII-85 is critical for these
core phenotypes. Nevertheless, expression of hbii-52 is lost
in the vast majority of PWS cases. Therefore, it is highly
likely that loss of hbii-52 expression in PWS and the sub-
sequent alterations to post-transcriptional modification of
5htr2c contribute to the complex behavioural phenotype
seen in PWS, which extends beyond eating abnormalities
into a number of other psychopathologies (33,34). 5HT2CRs
regulate many serotonin-mediated behavioural functions (25)
including aspects of anxiety (35) and the pain response (36);
the latter also giving rise to correlative changes in levels of
RNA editing (37). Clearly, it is important that future work
address the extent to which h/mbii-52 and altered levels of
5htr2c pre-mRNA editing contribute to other neurobiologi-
cally dissociable functions of 5HT2CRs. The present data are
the first illustration of a role in regulating behaviour for the
snoRNA mbii-52 and also add to the increasing literature relat-
ing imprinted genes to important brain functions (38).

MATERIALS AND METHODS

Animal subjects

The generation and genetic characteristics of the imprinting
centre deletion have been described in detail previously
(23,39). Briefly, the deletion is 35 kb in length, including
Snrpn exons 1–6, and extending 16 kb 50 of the Snrpn gene.
PWS-ICþ/2 animals suffer from early postnatal lethality on
a pure C57BL/6J background, so it was necessary to breed
PWS-IC2/þ-positive males to outbred strain females (CD1)
and, as previously described (14), selectively cull WT litter-
mates (identified on the basis of their increased size 48 h
after birth) leaving only one or two per WT/litter. Animals
were weaned at approximately 4 weeks of age and were
single-sexed group housed with WT littermates (2–5
animals per cage). Experimental cohorts consisted of male
and female animals, and behavioural testing began when
animals were aged 7–11 weeks, finishing when animals
were 40–50 weeks old. The pharmacological validation of
marble burying behaviour was performed in WT mice of the
same genetic background (CD1 X C57BL/6) bred in Cardiff
University. Animals were subject to a 12 h light/dark cycle
(lights on at 7 a.m.), and had ad libitum access to standard
lab chow and water unless stated otherwise. For part of
the experiment, water was restricted to 2 h access per day
(given after testing). Although on restricted water access, stan-
dard laboratory chow was available ad libitum. This regime
maintained the subjects at �90% of free-feeding body
weight. All procedures were conducted in accordance with
the requirements of the UK Animals (Scientific Procedures)
Act 1986.

RNA editing and qPCR analysis

RNA from dissected brain hemispheres was isolated using
standard Trizol methods, and reverse-transcribed using Super-
Scriptw III First-Strand Synthesis SuperMix for qRT-PCR. For
RNA editing analysis, cDNA samples from eight separate
brains (four WT and four PWS-ICþ/2) were subject to PCR
using specific primers that span the edited region of the
5htr2c gene (see Supplementary Material, Table S1), and sep-
arately, the edited region of the Glur2 gene (see Supplemen-
tary Material, Table S1). PCR products were cloned, and
recombinant plasmids were introduced into bacteria, the trans-
formations from each animal yielding .200 clones expressing
recombinant plasmid DNA. Twenty of these were pseudoran-
domly picked to process plasmid DNA for nucleotide sequen-
cing. The proportion of edited and non-edited 5htr2c RNA can
be determined from the relative abundance of each of the poss-
ible sequences (4,5).

Table 1. Whole tissue monoamine levels in pre-frontal cortex and ventral striatum of WT (n ¼ 8) and PWS-ICþ/2 (n ¼ 6) mice

Pre-frontal cortex Ventral striatum
WT (+SEM) PWS-ICþ/2 (+SEM) P-value (t-value) WT (+SEM) PWS-ICþ/2 (+SEM) P-value (t-value)

Serotonin (pmol/mg) 0.145 (0.004) 0.140 (0.007) 0.59 (t12 ¼ 0.55) 0.127 (0.016) 0.139 (0.008) 0.57 (t12 ¼ 0.57)
Dopamine (pmol/mg) 0.033 (0.022) 0.018 (0.002) 0.57 (t12 ¼ 0.58) 0.360 (0.079) 0.442 (0.074) 0.47 (t12 ¼ 0.47)
Noradrenaline (pmol/mg) 0.139 (0.007) 0.140 (0.009) 0.95 (t12 ¼ 0.57) 0.120 (0.008) 0.124 (0.009) 0.76 (t12 ¼ 0.31)
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Real-time qPCR analysis of gene expression (see Sup-
plementary Material, Table S1 for detail of primer sequences)
was performed using a Rotorgene 6000 coupled with a
CAS1200 automated set up, and utilizing standard consum-
ables (Corbett Research, Cambridge, UK). PCR reactions
were carried out using custom-designed primers (see Sup-
plementary Material) and Quantace SensiMix NoRef
(Bioline). Real-time qPCR data were analysed using the DCt
method as described previously (40). Briefly, individual PCR
reaction data are normalized to a housekeeping gene (in this
case dynein and 18s rRNA) giving a value known as DCt. Stat-
istical analysis was performed on these values. The data were
processed further to show how the PWS-IC values vary with
respect to WT (DDCt) and allow simpler graphical represen-
tation after transformation (22DDCt).

5-Choice serial reaction time task

2-Choice consumption test. Prior to testing, all animals were
handled daily for 2 weeks and their body weight monitored.
After this time, the animals were placed on a 20-h water
restriction schedule for 4 days, and then on a 22-h water
restriction for a further 10 days until body weight had stabil-
ized. Animals were then tested individually for their consump-
tion of palatable foodstuff (10% solution of condensed milk;
Nestle Ltd, UK) outside their home cages in a 2-choice test.
Briefly, the subjects were given five, separate 10-min sessions
over 5 days with an excess of either water or 10% milk sol-
ution presented in two small bowls (apart from the first habitu-
ation session where two samples of water were presented) that
were secured with Velcro to the base of the testing cage. The
bowls were weighed before and after each session to provide a
measure of the volume of each consumed; any contamination
of the solutions in the bowls (faeces, etc.) was removed with
tweezers prior to weighing. The main measure was volume
consumed of water and milk, normalized to body weight0.75

in order to account for difference in size between
PWS-ICþ/2 and WT animals.

5-CSRTT apparatus, behavioural shaping and trial design.
The use of the 5-CSRTT to assay aspects of attention and
impulse control in mice has been fully described elsewhere
(20,41). Testing took place in a 9-hole box modified for use
in mice, with four alternate holes in the horizontal array
covered. Shaping involved training mice to press a Perspex
panel opposite the array of holes in order to gain access to
reinforcer. During the 5-CSRTT, trials were initiated by a
panel push. This resulted in a 5-s ITI after which a stimulus
light was randomly presented in one of the five uncovered
holes. A nose poke by the mouse in the illuminated hole
(i.e. a correct response) resulted in the presentation of 20 ml
of reinforcer behind the Perspex panel and collection of this
reward initiated a second trial. An incorrect response (i.e. a
response in a hole in which a light was not presented), an
omission (i.e. no response during the duration of the
stimulus þ 5 s) or a premature response (i.e. a nose poke
prior to the onset of a stimulus light) resulted in a 5-s
time-out period in which the ‘house lights’ were illuminated.
The time-out period could be terminated through a panel
push, which started a new trial.

Training to baseline performance. Immediately following
shaping, the stimulus duration was set for 32 s; this was gradu-
ally reduced to a baseline stimulus duration of 0.8 s in the
sequence 32, 16, 8, 4, 2, 1.8, 1.6, 1.4, 1.2, 1.0 and 0.8 s. The
stimulus duration for a given mouse was reduced to the next
level once it had met performance criteria over two consecu-
tive days (.25 completed trials, .80% accuracy, i.e. ratio
of correct:total responses and ,25% omissions, i.e. no
response to ,25% of all trials initiated); during the course
of training, no other parameters were altered. Baseline acqui-
sition performance was set as criterion performance observed
at a stimulus duration of 0.8 s.

Behavioural measures. The following measures from the
5-CSRTT are reported here: discriminative % response accu-
racy (percentage correct commissions; the primary measure
of attention), % omissions (omitted trials as a percentage of
total trial number; reflecting possible failures of detection
and/or motivational/motor deficits), number of premature
responses (indexing aspects of impulse control), beam
breaks (indexing LMA during the session).

Task and pharmacological manipulations at stable baseline.
Upon stabilization of baseline performance, a variety of
manipulations designed to influence dissociable aspects of
attention and response control were performed. Each manipu-
lation was performed after 2 consecutive days of stable base-
line performance. The 5-CSRTT manipulation performed was
‘long ITI’ (of 5, 6, 7 and 8 s), which was designed to increase
premature responding. Additionally, in order to demonstrate
the effects of ketanserin on reducing premature responding,
the animals were run on a session where the ITI was 10 s
throughout (the ITI at baseline is 5 s).

SB242084 (Sigma-Aldrich, UK) was dissolved in 0.9%
saline solution and injected s.c. 10 min prior to testing. All
animals received all doses in a pseudorandom order.
Ketanserin (Sigma-Aldrich) was also dissolved in 0.9% saline
solution, but was administered i.p. 10 min before testing.

LMA testing

Spontaneous LMA was measured using a battery of bespoke
activity cages fitted with infrared beams linked to an Acorn
computer. The dimensions of activity cages were 210 �
360 � 200 mm3 (width � length � height), with the infrared
beams situated at 30 mm from either end and at 10 mm
above the floor of the cage. Data were collected in 5-min
bins over a period of 2 h under red illumination. The subjects
were assessed at the same time on three successive days. Data
presented here is from the third and final day of testing when
the subjects have habituated to the test arena.

Marble burying behaviour

Mice were individually placed in a clean opaque plastic box
(45 � 28 � 15 cm3) filled with sawdust to a depth of 4–
5 cm. During the test, the box was covered with a clear
plastic lid with gaps at each end to allow air to circulate.
The box contained eight opaque red marbles placed equidi-
stant in the one-half of the box (exact positioning of the
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marbles was achieved by using a cardboard grid template) on
top of the sawdust. Two separate pharmacological experiments
were performed, where prior to each session animals were
administered either vehicle (0.9% saline) or drug. Experiment
1, animals were dosed (i.p.) with vehicle or 10 mg/kg of the
SSRI paroxetine s.c. (Sigma-Aldrich, UK); experiment 2,
animals were dosed (s.c.) with vehicle, 0.25 and 0.5 mg/kg
SB242084. All sessions were video-taped and the total
number of marbles buried in each 2-min bin recorded post
hoc. The total test period was 16 min. Other measures were
also obtained using Ethovision (Noldus, UK). The test was
run under low-level illumination.

Analysis of whole tissue monoamines

Animals were sacrificed by exposure to a rising concentration
of carbon dioxide and cervical dislocation. The brains were
rapidly removed and dissected according to two key regions
of interest: the pre-frontal cortex and ventral striatum. Tissue
aliquots were derived from both hemispheres and homogen-
ized in 200 ml of 0.2 M perchloric acid by an ultrasonic
cell disruptor (Microson, UK). Levels of NA, DA and 5-HT
were determined in the supernatant by reversed-phase,
high-performance liquid chromatography, as described
previously (42).

Statistics

All statistics were analysed using SPSS 12.0.2 (SPSS, US).
Data were analysed by Student’s t-test, ANOVA or where
appropriate x2, with the main between-subject factors being
GENOTYPE (PWS-ICþ/2 or WT). Other between-subject
factors included SSRI (0, 10 mg/kg) and SB (0, 0.25,
0.5 mg/kg of SB242084). Where necessary, the following
within-subject factors were also analysed: ITI (5, 6, 7, 8 s);
DOSE (0, 0.25, 0.5 1.0 mg/kg of SB242084 or 0, 0.05,
0.10 mg/kg of ketanserin); SESSION (day 1–4 of 2-choice
milk test). For repeated-measures analyses, Mauchly’s test of
sphericity of the covariance matrix was applied. Huynh-Feldt
corrections were applied as necessary, and adjusted degrees of
freedom are provided.
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