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Williams syndrome (WS) is associated with a distinct profile of relatively proficient skills
within the verbal domain compared to the severe impairment of visuo-spatial processing.
Abnormalities in executive functions and deficits in planning ability and spatial working
memory have been described. However, to date little is known about the influence of
executive function deficits on navigational abilities in WS. This study aimed at analyzing
in WS individuals a specific executive function, the backward inhibition (Bl) that allows
individuals to flexibly adapt to continuously changing environments. A group of WS
individuals and a mental age- and gender-matched group of typically developing children
were subjected to three task-switching experiments requiring visuospatial or verbal
material to be processed. Results showed that WS individuals exhibited clear Bl deficits
during visuospatial task-switching paradigms and normal Bl effect during verbal task-
switching paradigm. Overall, the present results suggest that the Bl involvement in
updating environment representations during navigation may influence WS navigational
abilities.

Keywords: visuospatial task-switching, verbal task-switching, executive function, spatial ability, spatial
navigation

Introduction

Williams syndrome (WS) is a relatively rare genetically based neurodevelopmental disorder with
estimates of prevalence between 1 in 7500 and 1 in 20,000 births (Stromme et al., 2002). The dis-
order is caused by a de novo microdeletion on the long arm of chromosome 7, specifically 7q11.23
(Ewart et al., 1993). The disorder has attracted a great deal of interest from cognitive neuroscien-
tists due to a unique profile associated with a behavioral and cognitive phenotype (Martens et al.,
2008). Namely, behavioral phenotype of WS individuals is associated with inattention, distractibil-
ity, and hyperactivity alongside social disinhibition and non-social anxiety (Leyfer et al., 2006;
Rhodes et al., 2011), while their cognitive phenotype has relative strength points in verbal abili-
ties and face recognition and weakness points in visuospatial processing (Vicari et al., 2005, 2006;
Brock, 2007; Hocking et al., 2008; Karmiloff-Smith, 2012).

Visuospatial difficulties of WS individuals have been well documented both in small-
and large-scale tasks (Bellugietal, 2000; Hoffman etal, 2003; Farran and Jarrold, 2004;
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Mandolesi et al., 2009; Farran et al., 2010, 2012; Foti et al., 2011).
WS individuals exhibit specific difficulties on tasks requiring
the encoding of spatial relationships between landmarks in a
small-scale array (Nardini et al., 2008; Bernardino et al., 2013).
In addition, difficulties on tasks requiring imagined rotations
of the self and objects have been described in WS individuals,
indication of their difficulties with encoding spatial locations of
objects in relation to the self and other objects (Farran et al., 2001;
Stinton et al., 2008). Notably, the structural and functional hip-
pocampal abnormalities described in WS individuals are retained
to be associated with their difficulties on tasks that require the
ability to update egocentric spatial locations within an allocentric
frame of reference (Meyer-Lindenberg etal., 2005). Moreover,
the ability to imagine the self rotating predicts performance on
navigation tasks that require the individual to constantly update
self-to-object and object-object locations when moving through
an environment (allocentric spatial coding; Kozhevnikov et al.,
2006; Broadbent et al., 2014). Consequently, the WS difficulties
on small-scale tasks match up their difficulties in large-scale tasks,
particularly the tasks requiring allocentric encoding. On large-
scale spatial tasks, WS individuals are able to learn to navigate
and retrace a route both in real-world and virtual environment
although they show deficits in understanding spatial relation-
ships in the environment (Farran et al., 2010, 2012). It is known
that the ability to learn a route precedes (developmentally and
temporally) the ability to encode environmental spatial relation-
ships (Siegel and White, 1975). Thus, as advanced by Farran et al.
(2010), the poor WS learning of environmental relationships sug-
gests that WS individuals are able to learn a novel route by
relying on a specific set of turns and landmarks but they would
not be able to deviate from that route to find a short cut or
to make a detour. In a large-scale radial arm maze (RAM), WS
individuals display impaired procedural competencies, spatial
working memory deficits, and perseverative tendencies revealing
explorative and mnesic deficits and severe problems in cognitive
planning (Mandolesi et al., 2009). In another large-scale study
with multiple rewards, WS individuals displayed disorganized
and ineffective search strategies as well as a deficient understand-
ing of the environmental layout (Foti et al., 2011). These findings
are in line with the results of a recent study examining the nav-
igational strategies spontaneously employed by WS individuals
in a large-scale virtual environment task as well as their abil-
ity to use allocentric strategies (Broadbent et al., 2014). During
spontaneous navigation, the WS individuals did not employ any
sequential egocentric strategy and followed the path until the cor-
rect environmental landmarks were found, suggesting their use
of a time-consuming and inefficient view-matching strategy for
wayfinding. Once more, WS difficulties in determining short-cuts
and in developing mental representations of the environmental
layout demonstrated their deficits in allocentric spatial coding
(Broadbent et al., 2014).

Williams syndrome visuospatial deficits have been at least
partially attributed to their impairment in dorsal stream
structure and function (dorsal stream deficit hypothesis;
Atkinson et al., 2003). However, this hypothesis does not wholly
explain the WS visuospatial impairment since deficits in
dorsal stream functioning are not specific to this clinical

population (Atkinson and Braddick, 2011). The most recent
studies consistently advance WS deficits in prefrontal exec-
utive control during strategic manipulation of spatial infor-
mation (Vicari et al., 2006; Menghini et al., 2010; Rhodes et al.,
2010, 2011; Costanzo et al., 2013). Executive control is defined
as an extensive set of high-order mental operations (includ-
ing planning, inhibitory control, working memory, attentional
flexibility, problem solving) that organize and regulate goal-
directed behavior (Miyake and Shah, 1999). The executive con-
trol can be fractionated into separable, even if not fully inde-
pendent, processes as the ability to shift between different
mental sets or tasks (Shifting), update and monitor work-
ing memory representations (Updating), and selectively attend
to stimuli and inhibiting responses (Inhibition; Miyake et al.,
2000; Miyake and Friedman, 2012). Interestingly, WS individu-
als exhibit impaired set-shifting, inhibition and working memory
abilities on visuospatial but not verbal tasks (Atkinson et al.,
2003; Jarrold et al., 2007; Menghini etal., 2010; Rhodes et al,,
2010; Carney et al., 2013; Costanzo et al., 2013). Also in a recent
study WS individuals showed inhibition deficits, problems in
re-engaging attentional control processes after making an error,
and generalized deficits of concentration (Greeretal., 2013).
Overall, these findings indicate deficits of specific executive
functions in WS.

The ability to switch among different cognitive representations
is usually investigated by means of task-switching paradigms, in
which people perform one of two or more tasks (rules) with
identical stimuli in each experimental trial, with a cue indicat-
ing the relevant task. In any trial, the task can be repeated (A-A)
or changed (B-A). Switching from one task to another implies
a behavioral cost (switch cost), as evidenced by the increase in
reaction times (RTs). Importantly, switching back to a recently
executed task (such as performing the A task as the third trial
in an A-B-A sequence) is harder than switching back to a less
recently executed task (such as performing the A task as the third
trial in a C-B-A sequence), as evidenced by the slowing of RTs on
the third trial in an A-B-A sequence compared to the third trial
in a C-B-A sequence (Backward Inhibition, BI; Mayr and Keele,
20005 Kiesel et al., 2010; Koch et al., 2010; Vandierendonck et al.,
20105 Sdoia and Ferlazzo, 2012). The BI is an inhibitory process
hold to suppress the representations of the control settings from
the preceding task during intentional task or goal shifts. The
assumptions are that inhibition is applied to the preceding task
set at each task switch and that the inhibition dissipates slowly
(e.g., Dagenbach et al., 2007). Hence, RTs slow and errors increase
when the current task had been already executed at the lag-2 trial
compared to when it had not been executed (A-B-A sequence
compared to C-B-A sequence). BI process allows suppressing the
mental representation (task set) of the just executed task, reduc-
ing thus its potential interference on a new task and allowing
flexibly adapting to continuously changing contexts and environ-
ments (Arbuthnott, 2008; Koch et al., 2010; Sdoia and Ferlazzo,
2012).

To efficiently navigate in complex environments a contin-
uous updating of and shifting among representations (from
egocentric to allocentric and vice versa) and strategies (from
praxic to cognitive mapping and vice versa) are necessary
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(Burgess, 2006; Igloietal., 2009). Switching back and forth
among representations and strategies requires executive capac-
ities, as the BI. Intriguingly, we recently advanced the role of
the BI in spatial navigation in individuals with developmental
topographical disorientation who never developed topograph-
ical competencies and show selective difficulties in orienting
and way-finding (Iaria et al., 2005, 2009; Bianchini et al., 2010,
2014; Palermo et al., 2014a,b). In the spatial task-switching they
failed to shift behavior for adapting their search strategies to
the previous outcomes, demonstrating thus a peculiar defect of
BI in spatial domain. The proposal we suggested was that in
Developmental Topographical Disorientation the updating of the
zoomed representations of the just navigated space is malfunc-
tioning, just in relation to a defective BI.

To date little is known about the influence of executive con-
trol in general, and of BI in particular, on navigational abili-
ties in typical and atypical development. The present study is
aimed at studying the relationship between the BI and navi-
gational abilities in WS individuals. To this aim, spontaneous
navigational strategies employed in a large-scale RAM task by a
group of WS individuals were compared with those of a men-
tal age- and gender-matched group of typically developing (TD)
children. In the same groups, BI performances were assessed
by means of small-scale visuospatial and verbal task-switching
(VeTS) paradigms. In particular, the ability in switching among
spatial representations was examined by means of the visuospa-
tial task-switching (VsTS), while the ability in switching among
verbal stimuli not tapping spatial components was examined by
means of the VeTS. This procedure allowed analyzing whether
the eventual executive deficit of WS individuals was limited to
spatial domain or it was part of a more general impairment.

Materials and Methods

Participants

Fifteen individuals with WS and 15 mental age- and gender-
matched TD children were recruited to participate in the study.
All WS individuals (mean chronological age, 19.3 years £ 1.9;
nine males) and TD children (mean chronological age,
6.7 years = 0.3; nine males) were right-handed and native Italian
speakers and belonged to upper-middle class families, as assessed
by a short questionnaire that was given to the participants’
parents. In all participants, the clinical diagnosis of WS was
confirmed by the genetic investigation FISH (fluorescent in situ
hybridization) demonstrating the characteristic deletion on the
chromosome band 7q11.23. In addition to the clinical and genetic
diagnosis of WS, selection criteria for study recruitment included
normal or corrected-to-normal vision.

The TD children were recruited from local schools, and their
parents reported that they were in good health. Exclusion criteria
were reports of neurological signs and history of language delay
or learning disability.

The participants’ cognitive level was measured using the short
version of the Leiter-R intelligence scale (Roid and Miller, 2002).
Mean mental age in the WS group was 6.5 years & 0.2 and in the
TD group was 6.6 years & 0.3, whereas mean intelligence quotient
(IQ) was 56.9 £ 2.5 and 105.6 £ 1.7, respectively. Overall, the
groups differed in chronological age [F(;,25) = 41.8, p < 0.00001,
nf, = 0.59] and IQ [F(25) = 263.1, p < 0.00001, nf) = 0.90]
but not mental age [F(;28) = 1.33, p = 0.26, nf, = 0.045].
Moreover, visuo-motor integration (VMI) and memory func-
tions were assessed by VMI (Beery and Buktenica, 2000), visuo-
spatial short-term memory (VSS), and visuo-object short-term
memory (VOS) tests (Vicari, 2007). Statistical comparisons
between groups are reported in Table 1.

Informed consent was obtained from all participants and
their families, and the study was conducted according to the
Declaration of Helsinki.

Experiment 1: Visuospatial
Task-Switching (VsTS)

To analyze the ability in switching among different spatial rep-
resentations, the participants were tested in a small-scale com-
puterized VsTS (Palermo et al., 2014a) that combined the spatial
features of the large-scale RAM (Mandolesi et al., 2009; Foti et al.,
2011) and the features of the standard task-switching paradigms
(Mayr and Keele, 2000; Sdoia and Ferlazzo, 2012). Specifically,
the VsTS paradigm required participants to switch among spa-
tial positions to search for a target (a smiley face) that was hidden
at the end of one arm of a 6-arm star on a computer touch screen
(Figure 1). According to the hypothesis that the BI plays a role in
navigating in complex environments by inhibiting the environ-
mental representations once they have been used, we expect that
individuals should take longer (that is, they explore more arms) to
find the target placed in the same position as two trials before (A-
B-A sequence) than when placed in a different position (C-B-A
sequence). It is worth noting that whilst BI effects have been more
often observed on RTs to simple tasks, both theory and empir-
ical evidence suggest that they can also be observed on other
performance measures, such as the error rates (e.g., Koch etal,
2010).

Materials and Procedure
At the beginning of each trial, the outline of a 6-arm star appeared
at the center of a touch screen on a subtending white background

TABLE 1 | Statistical comparisons of performances of Williams syndrome (WS) and typically developing (TD) participants.

Cognitive domain WS Mean (=SEM)

TD Mean (+SEM) Group effect F(1,28), p; TI%

Visuo-motor integration (VMI) 11.53 (£0.56)
Visuo-spatial short-term memory (VSS) 2.07 (£0.15)
Visuo-object short-term memory (VOS) 2.60 (+£0.13)

15.47 ( £0.39) F =34.03, p < 0.00001 n2 = 0.55
3.67 (£0.19) F = 43.82, p < 0.00001 n2 = 0.61
2.87 (£0.17) F=160,p=022n2 =005
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Visuospatial task-switching

6
5 1
@)
4 2
454 CBACBA 434
616546231141 2

Example of triples of trials

FIGURE 1 | Schematic representation of the visuospatial
task-switching (VsTS) paradigm (Experiment 1). On the left, an example
of triplets of trials (CBA and ABA). The numbers indicate the arms of the
6-arm star.

(14.25°width x 14.25°height of visual angle). The target was a
small, yellow, stylized representation of a smiley face (smiley;
0.48°width x 0.48°height of visual angle), hidden at the distal
location of one of the six arms (Figure 1). Participants had to
touch the arms successively until they found the smiley. When
the smiley was discovered, a new trial (with a new smiley posi-
tion) began. Each participant performed 180 trials, in which
randomized series of 30 non-alternating (CBA) and 30 alternat-
ing (ABA) triplets appeared. In the CBA sequences, the smiley
was in a different arm, randomly selected, in each trial of the
triplet. In the ABA sequences, the smiley was at the same arm,
randomly selected, in the first and third trials of the triplet. BI
effect occurred when a significantly higher number of arms was
touched in the ABA vs. CBA sequences.

Parameters

We measured the number of arms touched on searching for the
smiley in ABA, CBA sequences and both of them; the number of
errors, re-explorations of the same arm in the same trial; the per-
severations, exploration of the same arm (e.g., 2-2) or the same
string of arms (1-2-1-2) consecutively touched in the same trial;
the starting arm, the first arm touched in each trial. The percent-
age of response pairs for which the touched arms were adjacent
was also computed as adjacency values (e.g., touching arms 2—
3, or 6-5, or 6-1 sequentially; Figure 1). Lower adjacency values
reflect more scattered exploration, whereas higher values indicate
more systematic and regular exploration (Towse and Neil, 1998).

Results and Discussion

A two-way ANOVA (group x sequence) on the number of arms
revealed a not significant group effect [F(; 23) = 0.004, p = 0.94,
nf, = 0.0002], indicating that when ABA and CBA sequences
were considered together both groups of participants touched
the same numbers of arms. The sequence effect [F(; 25) = 20.60,
p = 0.0001, n; = 0.42] and the interaction [F(28) = 7.59,
p = 0.010, n% = 0.21] were significant. Post hoc comparisons

on interaction revealed that only TD participants explored more
arms on the ABA than CBA sequences (p = 0.0002), while WS
participants explored the same number of arms in the both
sequences (p = 0.22), indicating that the visuospatial BI effect was
lacking in WS participants (Figure 2A).

Notably, no differences between groups were found in number
of errors [one-way ANOVA: F(; 73y = 1.04, p = 0.32, n}% = 0.036;
TD x = 11.20 £ 2.70; WS x = 14.58 £ 1.92] and persevera-
tions [one-way ANOVA: F( 23) = 0.73, p = 0.40, nj = 0.025;
TD x = 52 + 1.70; WS x = 7.04 & 1.44]. As revealed by a
one-way ANOVA on the starting arm [F(j 28) = 6.56, p = 0.016,
nf) = 0.19], WS participants clicked the same starting arm sig-
nificantly more frequently than the TD children (WS: 46.34%;
TD: 29.78%). As revealed by a one-way ANOVA on adjacency
values [Fq,28) = 10.84, p = 0.003, nf) = 0.27],WS participants
explored adjacent arms significantly more than TD children.
These results indicate that in searching for the smiley, WS par-
ticipants explored the 6-arm star more systematically than TD
children and moved primarily from one arm to the adjacent arm
(Figure 2B).

Visuospatial task-switching
A
ns. *x
4 .
= m ABA
£ O CBA
2 34
=]
-
L
‘0
=
= 2
2
5
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1 4
WS D
B
Adjacency
%
100 [
~ 801
= T
> 60
2
]
= 40
=
-
20 1
0 - 7
WS D
FIGURE 2 | (A) Backward inhibition (BI). Number of explored locations on
finding the target in alternating (ABA) and non-alternating (CBA) sequences of
trials for Williams syndrome (WS) and typically developing (TD) participants.
(B) adjacency. The percentage of response pairs for which the arms were
adjacent for WS and TD participants. Data are expressed as mean + SEM.
The asterisks indicate the significance level of the post hoc comparisons
between groups (A) or one-way ANOVA (B) (**p < 0.005, **p < 0.0005).
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The main result of the Experiment 1 was that whereas TD
participants touched more arms in the ABA vs. CBA sequences,
WS individuals did not follow this pattern and exhibited search
strategy independent of where the target was found on the pre-
vious trials as indicated by their similar number of touched
arms in ABA and CBA sequences. In WS individuals, the tar-
get location did not become inhibited and hence was equally
explored in the successive trial, strong indication of their lack of
a visuospatial BI effect. This result implicates that the inhibitory
control, mediated by the BI, shapes the strategies that individuals
use to explore ever-changing environment efficiently, dismiss-
ing previously visited locations. Interestingly, in the search for
the target the WS individuals undertook more systematic and
regular exploration, as evidenced by their high adjacency val-
ues. Such an ordered exploration reduced the spatial working
memory load and helped WS individuals to perform the task as
successfully as TD children, as indicated by the lack of differ-
ences in the number of touched arms, errors, or perseverations.
To determine the role of the BI in modulating spontaneous spa-
tial exploration the same groups of participants were tested in a
large-scale RAM.

Experiment 2: Visuospatial
Task-Switching in an Ecological
Environment

The aim of Experiment 2 was to determinein a large-scale
RAM whether previously visited (and thus theoretically inhib-
ited) locations were explored less frequently than never-
visited locations. Whether as indicated by the results of
Experiment 1, BI favors the exploration of new sites, partic-
ipants who displayed a BI effect should generate more CBA

than ABA responses. Conversely, participants who lacked a
BI effect should generate a similar number of CBA and ABA
responses.

Materials and Procedure

Apparatus

The RAM consisted of a round central platform (3 m in diameter)
with eight arms (80 cm wide x 11 m long) radiating like the
spokes of a wheel. White and red ribbons forming a sort of bar-
rier marked off the sides of each arm to force the participants
to return to the center of the starting platform before entering
another arm and thus to prevent them from “cutting corners.”
At the end of each arm, there was an orange plastic bucket
(18 cm wide x 28 cm high) containing the reward (a plastic
coin). The eight arms were virtually numbered as indicated in
Figure 3. The RAM was located outdoors in a large square and
was surrounded by extra-maze cues (trees, buildings, pavement,
streetlamps, etc.) held in constant spatial relations throughout the
experiment. Particular attention was paid to control the intra-
and extra-maze environment in terms of cues, the location of the
buckets, the position of the experimenter, and so on. Participants
could see and access the maze only during the experimental
sessions.

Experimental Procedure

The RAM procedure (Palermo etal, 2014a) includes three
phases. In the first phase (P1), three evident intra-maze cues were
placed in the RAM apparatus, two big plastic containers (52 cm
wide x 64 cm high) one blue and one white placed at the proximal
ends of arms 3 and 7, and a brown hall tree (35 cm wide x 180 cm
high) placed at the distal end of arm 1. The proximal ends of
the four arms 2, 4, 6, and 8 were closed. The participant started

Visuospatial task-switching in an ecological environment

FIGURE 3 | Schematic representation of the VsTS paradigm in an
ecological environment (Experiment 2). (A) In the first phase (P1), the RAM
had three intra-maze cues placed at the proximal ends of arms 3 and 7, and at
the distal end of arm 1. The proximal ends of the arms 2, 4, 6, and 8 were
closed. The participant started from the arm 5 and had to search for a reward

A B C
P1 P2 P3
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o) B M
() )
1 1 1
N (] 8 2
O 7 3 o @ 7 3
6 4
5 5 5
7 °
i T Start 0
Start Start

put always in arm 3 until the criterion of three consecutive visits in the rewarded
arm was reached. (B) In the second phase (P2), consisting of one trial, the cues
of arms 3 and 7 were switched; arms 1, 3, 7 were reinforced. (C) In the third
phase (P3), consisting of one trial, all eight arms were opened. The participant
started from the arm 6.
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from the distal end of arm 5 and had to search for a reward unex-
pectedly put always in the same arm 3 until the criterion of three
consecutive visits in the rewarded arm was reached (Figure 3A).
After visiting an arm, regardless of the reward discovery, the par-
ticipant was guided out of the maze and taken for 30 s to a place
where he/she could not see the maze before starting another trial.
During this interval, the bucket at the end of arm 3 was always
reinforced.

In the second phase (P2; Figure 3B), consisting of only one
trial, the intra-maze cues (the blue and white big buckets) of arms
3 and 7 were switched; arms 1, 3, 7 were reinforced without par-
ticipants’ knowledge, while arms 2, 4, 6, and 8 were closed. The
participant started from the distal end of arm 5.

In the third phase (P3; Figure 3C), consisting of only one trial,
all eight arms were opened and the cues were kept as in P2. The
participant started from the distal end of arm 6. Notably, in P2
and P3 tests all the open arms were rewarded without warning to
avoid biasing one strategy in respect of possible others.

Parameters

In P1 we considered the number of trials to criterion to assess the
performance level and the number of ABA and CBA sequences the
participants generated to evaluate the BI effect. In P2 and P3, we
recorded the arm visited to verify the tendencies to flexibly adapt
navigational strategies in a changing environment.

Results and Discussion

In P1 the number of trials to criterion was similar between WS and
TD groups (WS x = 11.07 & 1.38; TD x = 11.20 +£ 1.19), indi-
cating a similar level of performance [F(; ) = 0.0013, p = 0.94,
nf) = 0.0002]. A two-way ANOVA (group x sequence) on the
number of CBA and ABA sequences revealed a not significant
group effect [F(128) = 2.38, p = 0.13, nf) = 0.08], whereas
the sequence effect [F(1 28y = 14.41, p = 0.0007, nf) = 0.34]

Visuospatial task-switching in ecological environment
Ead
5 m ABA

0 CBA
ns.

|

Number of explored sequences

WS ™D

FIGURE 4 | Number of sequences of locations (ABA and CBA) that the
participants spontaneously explored. Data are expressed as

mean + SEM. The asterisks indicate the significance level of the post hoc
comparisons between groups (**p < 0.005).

and interaction [F(13) = 5.45, p = 0.02, nf) = 0.16] were
significant. Post-hoc comparisons on interaction revealed that
while TD participants generated significantly more CBA than
ABA sequences (p = 0.001), WS participants generated almost
the same number of CBA and ABA sequences (p = 0.31;
Figure 4).

In P2, in spite of the changes of intra-maze cues, 80% of WS
participants continued to choose the previously visited arm (arm
3). This persistent choice was exhibited by only the 31.25% of TD
sample.

In P3, in spite of the changes of the starting arm, the 40% of
WS participants continued to choose the previously visited arm
(arm 3). This persistent choice was exhibited by only the 6.6%
(i.e., only one participant) of TD sample.

The lacking BI effect in WS individuals in Experiment 1 was
confirmed by the results of this experiment. Namely, WS par-
ticipants spontaneously generated a similar number of ABA and
CBA sequences, indicating that their navigational strategies were
not modulated by an inhibitory control. Conversely, TD children
generated fewer ABA than CBA responses, a clear indication that
they tended not to return to previously visited (hence, inhib-
ited) arms. As in Experiment 1, no between-group difference
in performance level was observed, as evidenced by the simi-
lar number of trials to criterion. In the presence of changes of
salient intra-maze cues (P2) or of starting arm (P3), WS individ-
uals displayed an explorative rigidity indicated by their persistent
choice of the previously visited arm. The low percentages of
TD children who exhibited such an explorative pattern could
indicate that they reacted to a changing context more flexibly
and adaptively. Notably, P2 and P3 results demonstrate once
again WS failure to adapt search strategies to previous out-
comes and the propensity to emit fixed responses even in the
presence of salient environmental changes. The rigid explorative
pattern of WS individuals might be due to a deficient inhibitory
control that did not permit to inhibit the already visited
locations.

It remained to be verified whether the lack of BI in WS par-
ticipants is limited to spatial domain or if it is part of a more
general deficit. To address this issue, we tested the same groups
of participants in a VeTS.

Experiment 3: Verbal Task-Switching
(VeTS)

Verbal task-switching paradigm required participants to process
verbal stimuli (names of familiar animals) without tapping any
spatial component.

Materials and Procedure

Participants sat in front of a computer screen, on which the target
and cue stimuli appeared. White or gray (with equal probabil-
ity) target stimuli (7°width x 7°height visual angle) comprised
words of animals (elephant, bear, ostrich, chimpanzee, turtle, rab-
bit, chick, rooster) that appeared at the center on the screen. At
the top of the screen, a gray cue (7°width x 7°height of visual
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Leg task

Color task

O

FIGURE 5 | Schematic representation of task cues and stimuli in the
verbal task-switching (VeTS) paradigm (Experiment 3).

angle) in various shapes (square, diamond, and circle) appeared
on a white background (Figure 5).

In each trial, participants were asked to perform one of three
tasks with the current stimulus, determining: (a) the number of
legs of the animal (2-footed or 4-footed); (b) the actual size of
the animal (small or large); and (c) the color of the writing of the
stimulus (white or gray).

The upcoming task was pre-cued by the diamond to indicate
an upcoming “leg number” task, the square for the “size” task, or
the circle for the “color” task. In each trial, the cue appeared for
1000 ms and was followed by the target stimulus. For all tasks, the
cue and target stimuli remained on the screen until a response
was given or 10,000 ms had elapsed. For all trials, the response
was followed by white screen for 700 ms, after which the next cue
appeared.

Participants pressed one of two response buttons (the “A”
and “L” keys) on a computer keyboard with the left and right
index finger, respectively. Participants responded to the 2-footed,
small, or white-sketched animal with the left hand and to the
4-footed, large, or gray-sketched animal with the right hand.
Each participant underwent 189 trials in which randomized series

of non-alternating and alternating ABA three-trial sequences
(triplets) appeared. In a CBA sequence, three different tasks
were executed (legs-color-size, size-color-legs, etc.); in an alter-
nating ABA sequence, the same task was performed for the first
and third trial (legs-color-legs, size-color-size, etc.). Twenty-four
alternating and 27 non-alternating sequences were presented.
Given the randomized presentation and lack of interval between
triplets, participants were unaware that different sequences were
presented.

Parameters

In VeST the percentage of correct responses was computed. To
determine BI effect, the RTS in the third trials of ABA sequences
were compared with RTs in the third trials of the CBA sequences.
Only triplets for which participants responded correctly to all
trials were used to compute BI effect.

Results and Discussion

A one-way ANOVA on the percentage of correct responses of WS
and TD groups showed that WS individuals responded less accu-
rately (x = 69.50 & 1.85) than TD participants [ = 91.14 & 1.79;
F(1,28) = 7033, p < 0.00001, n? = 0.72]. A two-way ANOVA
(group x sequence) on RTs on ABA and CBA sequences did
not reveal a significant group effect [F(; 25y = 0.022, p = 0.88,
nf, = 0.0008] and interaction [F(1,28) = 1.01, p = 0.32, nf, =0.03],
whereas sequence effect was significant [F(; 28y = 9.07, p = 0.005,
nf, = 0.24; Figure 6].

The main result of Experiment 3 is the significant increase in
RTs in both groups when they switched to a task set that had been
abandoned two trials earlier (ABA sequences). This effect is con-
sistent with the presence of an inhibitory process that alters the
cognitive configurations to be abandoned. Interestingly, in WS
participants the BI effect was lacking when visuospatial stimuli
had to be processed and occurred as in TD children when ver-
bal stimuli had be processed. The impaired visuospatial BI and
preserved verbal BI in WS individuals is a clear demonstration
of specific anomalies in their inhibitory control heavily involved
also in processing of spatial information.

Verbal task-switching

%

4000 1
3500 1
3000 1
2500 1
2000
1500
1000
500
0 - 1
ABA CBA

m WS
oTD

Reaction times (ms)

FIGURE 6 | Reaction times (RTs) in ABA and CBA sequences of trials
for WS and TD participants. Data are expressed as mean + SEM. The
asterisks indicate the significance level of sequence effect (**p = 0.005).
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General Discussion

This study was aimed at examining whether WS deficits in navi-
gational abilities are related to eventual alterations of the spatial
BIL. In the VsTS paradigms of Experiments 1 and 2, the WS
individuals failed to adapt explorative strategies to the previ-
ous outcomes and they adopted inflexible navigational strate-
gies. Conversely, TD children tended not to return to previ-
ously visited (hence, inhibited) locations and flexibly reacted to
the changing context. These findings suggest that WS naviga-
tional strategies were not modulated by the inhibitory control
provided by the BI. Interestingly, in the VeTS paradigm of
Experiment 3 both WS and TD participants showed a clear BI
effect. Furthermore, WS individuals when tested in Experiment
2 showed atypical processing of both allocentric and egocentric
spatial representations in accordance with the results of previ-
ous studies (Nardini et al., 2008; Farran et al., 2010; Foti et al.,
2011; Bernardino et al., 2013; Broadbent et al., 2014). The present
findings emphasize that the WS explorative strategies are not
only inefficient, as suggested by Broadbent et al. (2014), but also
inflexible. The ability to update the location of the self during
navigation within an allocentric frame of reference is based on
updating and switching between egocentric and allocentric spa-
tial codes (Burgess, 2008). An efficient BI permits these processes
to be efficiently executed. Thus, an exhaustive interpretation of
the WS navigational deficits has to take into account BI involve-
ment in the exploration. In this regard, the WS difficulties in
inhibitory processes have been described (Carney etal., 2013).
Specifically, WS individuals fail to withhold a response and re-
engage attentional control after an error (Greeretal, 2013).
Moreover, they show deficits in some executive functions (as
selective and sustained attention, short-term memory, planning)
in both verbal and visuospatial modalities, but their shifting abil-
ities are impaired only in the visuospatial tasks (Menghini et al.,
2010; Rhodes et al., 2010, 2011).

Why the BI could be important for an efficient navigation?
Typically, the BI reduces interference originating from pre-
viously stored information and facilitates the instantiation of
new information, allowing individuals to adapt flexibly to con-
texts (Mayr and Keele, 2000; Koch et al., 2010). To successfully
navigate, it is necessary to activate the general and schematic
representation of the environment (cognitive map), “zooming”
then on the sector in which the individual is actually mov-
ing. While the general representation is kept stable, the zoom
is continuously shifted to update it according to individual’s
translations. The BI may support this process by reducing the
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