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Genetic syndromes resulting from molecular alterations of the

RAS–MAPK signaling cascade have become the focus of height-

ened interest among behavioral scientists due to discoveries that

proteins within this pathway play an important role in memory

formation and consolidation. Individuals with Noonan syn-

drome (NS), caused by germline mutations in the RAS–MAPK

pathway, exhibit wide variability in cognitive andmemory skills.

The current study aimed to characterize memory deficits that

occur in some affected individuals as a key step toward under-

standing the neurocognitive effects of dysregulated Ras signal-

ing. Learning and memory skills were assessed among 29

children and adolescents with NS using the Wide Range Assess-

ment of Memory and Learning, Second Edition. Performance

across subdomains (verbalmemory, visualmemory andworking

memory) was compared, as well as the effect of response type

(free recall vs. recognition). For immediate memory, children

with NS performed significantly better on verbal memory tasks

than on visual memory or working memory tasks. For delayed

memory, verbal free recall tasks that depend heavily on prefron-

tal-hippocampal networks were more challenging than recogni-

tion tasks that rely on more distributed temporal cortical

regions. Additionally, verbal information presented in context

wasmore easily retained than thatpresented ina rote format.The

current study contributes to our knowledge of the effects of

dysregulated RAS–MAPK signaling on the brain and behavior.

Continued research on neurocognitive skills in NS has the

potential to generate a novel conceptualization of how learning

disabilities can arise from altered molecular processes within a

specific biological pathway. � 2013 Wiley Periodicals, Inc.
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INTRODUCTION

Noonan syndrome (NS) is a multiple congenital anomaly syn-

drome characterized by short stature, cardiac disease, distinctive

facial features, and musculoskeletal abnormalities. NS is fairly

common, with an incidence estimated at 1/1,000 to 1/2,500 live

births and a presumed higher rate of milder expression

[Allanson, 2007]. The syndrome is caused by germline mutations
2013 Wiley Periodicals, Inc.
in genes coding formolecules in the RAS–MAPK signaling cascade.

Mutations in the PTPN11, SOS1, KRAS, NRAS, RAF1, SHOC2,

CBL, MEK1, and BRAF genes account for 60–80% of cases of

clinically diagnosed NS [Tartaglia et al., 2010; Zenker, 2011], while

the underlying genetic etiologies for the remaining cases have yet to

be determined. Additional genes within the RAS–MAPK pathway

are associated with clinically related disorders (“RASopathies”),

including neurofibromatosis type 1 (NF1), cardiofaciocutaneous

syndrome, multiple lentigenes syndrome and Costello syndrome

[Tidyman andRauen, 2009]. Variable neurocognitive impairments

are observed in all of the RASopathies, with effects ranging from

absent or mild learning problems to severe intellectual disability

[Zenker, 2011].

In NS, the majority of individuals perform in the low average to

average range on IQ tests, although intellectual functioning tends to

be reduced relative to the general population [Pierpont et al., 2009].

An elevated frequency of deficits in specific neuropsychological

domains has been reported. These domains include visual process-

ing [Alfieri et al., 2011a], verbal long-term memory [Alfieri

et al., 2011b], language development [Pierpont et al., 2010a],motor
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skills [Lee et al., 2005] and social-emotional functioning [Wing-

bermuhle et al., 2011].

The exact neurobiologicalmechanism(s) that cause cognitive and

learning disabilities in some individuals with NS are not yet known.

However, experimental animal models have demonstrated that

RAS–MAPK pathway proteins may play a key role in the process

of memory formation and consolidation [e.g., Costa et al., 2002;

Pagani et al., 2009], suggesting a plausible molecular explanation for

the observed deficits. Only one previous study has investigated

memory functions in individuals with NS. The authors reported

that 50% of their cohort of children with confirmed mutations in

PTPN11, SHOC2, RAF1, or SOS1 had impaired performance on a

verbal free recall task, but only 5–20%demonstrated impairments on

visual and spatial recognition memory tasks [Alfieri et al., 2011b].

While results of this study suggest that some aspects ofmemorymay

be disproportionately affected in NS, the exact source of the greater

difficulty on the verbal task is not clear. One possible explanation is

that individuals with NS could have greater difficulty remembering

information in the verbal domain than the visual domain. If thiswere

true, it would suggest potential hemispheric differences in brain

function, as studies of individuals with temporal lobe epilepsy and

other brain anomalies have reported at least partial differentiation of

verbal and visual memory in the left and right hemispheres respec-

tively [e.g., Lee et al., 2002; Ariza et al., 2006].

An alternative explanation for the results of Alfieri et al. [2011b] is

that individuals withNS could have disproportionate difficulty with

free recall tasks comparedwith recognition tasks. Recall tasks require

conscious recollectionandretrieval of recentlypresented items,while

recognition tasks are thought to depend on familiarity-based judg-

ments [Yonelinas et al., 2002]. Neuroimaging and patient studies

indicate that the hippocampus, parahippocampal regions and pre-

frontal cortex are recruited during recall/recollection, whereas peri-

rhinal regions of the temporal lobe support familiarity judgments

[Davachi et al., 2003; Eichenbaum et al., 2007]. Accordingly, in

patients with damage restricted to the hippocampus, item recogni-

tion ability tends to be spared relative to recall; in contrast, patients

withmorediffuse temporal lobedamage tend todemonstratedeficits

in both recall and recognition [Vargha-Khadem et al., 1997; Yone-

linas et al., 2002]. Thus, a deficit in recall but not recognition in NS

could potentially arise due to functional problemswithin the hippo-

campus and/or prefrontal networks.

The present study aimed to distinguish among these possibilities

by further investigatingmemory abilities in children and adolescents

with NS. Based on the findings by Alfieri et al. [2011b], it was

hypothesized that either verbal memory would constitute a weaker

aspect of memory among individuals with NS than the other

domains, or that tests of free recall would beweaker than recognition

within the verbal domain. In addition, the current study also

included tests working memory (WM). WM, defined as the

short-term storage and maintenance of task-relevant information

[Baddeley, 1992], is particularly dependent on prefrontal brain

regions as well as additional content-specific frontal cortices

[D’Esposito,2007].Arecent studydemonstrated thatRas-dependent

increases in GABA release in the medial prefrontal cortex and

striatum of an NF1 mouse model led to decreases in WM function

[Shilyansky et al., 2010a]. Thus, we hypothesized that aberrant RAS–

MAPK signaling in NS could also lead to deficits in WM tasks.
MATERIALS AND METHODS

Participants
The participant group included 29 children and adolescents withNS

(17 boys, 12 girls), with a mean age of 11.43 years (SD ¼ 3.04;

range ¼ 6.00–16.58 years). Participants were recruited from a co-

hort of families who were previously enrolled in a genotype–pheno-

type correlation study directed by the final author and had provided

permission tobecontacted for future research.Diagnostic criteria for

NS, based on aNS scoring system by van der Burgt et al. [1994], were

confirmed by a medical examination and/or review of medical

records. Additionally, all participants underwent molecular

PTPN11 testing (and additional genotyping, when indicated). The

sample contained 19 individuals with confirmed gene mutations,

including 14 individuals with PTPN11mutations, and five individ-

uals with SOS1mutations. The remaining 10 individuals (34%) had

unknownmutations.Among those individualswithunknownmuta-

tions, all had tested negative for at least PTPN11/SOS1/KRAS

mutations except one participant who had only received PTPN11

testing. Thus, the “unknown” mutation group is expected to be

heterogeneous with respect to the causative gene. In the analyses

below, data were excluded for one child whomet the clinical criteria

forNSandwas tested for this study, butwas found tohaveamutation

in the BRAF gene. There is some debate regarding whether individ-

uals with BRAFmutations can be considered to have NS or may in

fact actually have mild CFC syndrome [Neri et al., 2008].

Families were enrolled in the study at Boston Children’s Hospital

(n ¼ 22), the 2011 meeting of The Noonan Syndrome Support

Group (n ¼ 2) or by arrangement to be tested in Wisconsin or

Minnesota (n ¼ 5). Participants and their parent(s) provided writ-

ten informed consent prior to enrollment. The study was approved

by the Boston Children’s Hospital Institutional Review Board.

Procedures
Children participated in a behavioral testing session with the first

author. The core battery of the Wide Range Assessment of Memory

and Learning, Second Edition [Sheslow and Adams, 2003] was

administered to evaluatememory in three domains: verbalmemory,

visual memory and WM. Descriptions of individual WRAML2

subtests are provided in Table I. Note that despite use of the term

“Attention/Concentration Index” by the test makers, it was deemed

appropriate to use the term WM to describe subtests in this index.

These tasks are highly correlated with other tests of WM, including

subtests from the Wechsler Memory Scale-III Working Memory

Index (r ¼ 0.65) [Sheslow and Adams, 2003], and it has been

suggested that this index measures a similar construct as other

WM scales [Strauss et al., 2006].

Statistical Analysis
All statistical analyses were conducted by using the PASW Statistics

package version 17.0. Unless otherwise noted, statistical signifi-

cance was set at a P-value of less than 0.05.

RESULTS

Descriptive statistics for theperformanceof childrenwithNSon the

WRAML2memory indexes are reported in Table II. As a full group,



TABLE I. Description of WRAML2 Subtests

Description

Verbal Index

Story Memory

Immediate recall The examiner reads two short stories to the participants, who must repeat each immediately from memory. Scores are

based on the number of specific story themes and details correctly recalled

Delayed recall Participants must recount the stories after a 15 min time delay, with no additional exposure to the stories

Delayed recognition A multiple-choice format is used to evaluate recognition of specific story details after a delay

Verbal Learning

Immediate recall A list comprised of either 13 words (ages 6–8) or 16 words (ages 9þ) is read by the examiner. Across four learning trials,

participants must recall as many words from the list as can be remembered

Delayed recall Free recall of the list is assessed after a 15 min time delay

Delayed recognition The participant is read randomly ordered words from the original Verbal Learning list as well as words not encountered

previously. Participants must respond yes/no to indicate whether the word is recognized as an item from the original

list

Design Memory

Immediate recall Participants are shown five stimulus cards containing geometric forms, each for 5 sec. After a 10-sec delay, the

participant is asked to draw on a response form what is remembered from each card. A score is awarded for inclusion of

specific design components

Delayed recognition Participants are shown set of geometric shapes, half of which were previously seen on the cards presented on the Design

Memory test. Participants must respond yes/no to indicate whether the shape was contained on any of the original five

stimulus cards

Picture Memory

Immediate recall Participants are shown four common but visually complex scenes (e.g., a classroom, a zoo), each for 10 sec. An alternate

scene is subsequently presented and participants are asked to identify elements that have been “changed, moved or

added”

Delayed recognition Participants are shown a set of picture elements, half of which were seen on the Picture Memory subtest and half of which

are new. Participants must respond yes/no to indicate whether each element was encountered previously

Attention/Concentration Index

Finger windows Participants are shown a vertically presented card containing asymmetrically located holes. The examiner indicates

patterns of gradually increasing length by pointing through the holes in a specified sequence; the participant must

attempt to duplicate each sequence by pointing through the holes in the same pattern

Number letter Sequences comprised of single digits and letters are orally presented by the examiner and the participant must repeat

each sequence; number-letter strings of increasing length are presented
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individuals with NS scored within the average range, with a mean

standard score of approximately 90 for the General Memory Index

(GMI). Girls with NS achieved higher GMI scores (M ¼ 98.42,

SD ¼ 16.65) thanboys (M ¼ 84.24, SD ¼ 16.75), F(1,27) ¼ 5.07,

P ¼ 0.033, partial h2 ¼ 0.158. WRAML2 performance of individ-

uals with mutations in the two most common NS genes was
TABLE II. Performance of 29 Chi

Measure Statistic PTPN11 (n ¼ 14)

General Memory Index M (SD) 91.1 (15.5)

Range 55–117

Verbal Memory Index M (SD) 98.5 (15.5)

Range 55–114

Visual Memory Index M (SD) 88.9 (15.0)

Range 55–106

Attention/Concentration Index M (SD) 90.5 (17.3)

Range 55–117
compared; no significant difference was found between individuals

with PTPN11mutations (n ¼ 14) and those with SOS1mutations

(n ¼ 5) on the GMI or any of theWRAML2memory subdomains.

However, cautionmust be taken on interpreting this finding due to

the small sample size. In addition, it was noted that the three

individuals with mutations in p.N308D and p.N308S, which have
ldren With NS on the WRAML2

Genotype

Full sample (n ¼ 29)SOS1 (n ¼ 5) Unknown (n ¼ 10)

88.6 (13.8) 89.5 (23.7) 90.1 (17.9)

66–101 55–123 55–123

96.8 (7.7) 95.4 (23.8) 97.1 (17.4)

85–105 55–132 55–132

89.8 (14.8) 89.2 (21.9) 89.1 (17.1)

67–106 55–121 55–121

88.0 (17.4) 87.9 (19.3) 89.2 (17.4)

67–106 55–117 55–117
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previously been associated with unimpaired intellectual function-

ing and regular education placement [e.g., Tartaglia et al., 2002;

Pierpont et al., 2009], all performed in the average to above average

range on the memory tasks (GMI range: 94–117).

The single child with a mutation in BRAF, who met clinical

criteria and was administered testing (but was excluded from the

group analyses in this study), had overall lower memory ability

relative to the mean of the NS group (GMI ¼ 62). However, this

individual’s scores fell well within the range of the NS group as a

whole. Furthermore, this individual was not significantly impaired

on verbal memory subtests (Verbal Memory Index ¼ 80), which

suggests relatively intact functioning in some areas of learning and

memory.
Comparison of Memory Abilities Across Domains
Pairwise comparisons using Bonferroni adjusted alpha levels of

0.017 were conducted to examine performance across the three

subdomains in our cohort of children withNS. Performance on the

verbal memory tasks was significantly better than performance on

the visual memory tasks, t(28) ¼ 3.26, P ¼ 0.003, and the WM

tasks, t(28) ¼ 3.27, P ¼ 0.003. The pairwise comparison of the

visual memory and WM domains was non-significant (P ¼ 0.99).

With regard to the percentage of individuals showing at least

moderate deficits (standard score below 80; <10th percentile) in

each domain, 10% of participants had deficits of verbal memory,

34% of visual memory and 34% of WM. One-sample t-tests

indicated that children with NS scored significantly lower

than the normative sample on the core tests of visual memory,
FIG. 1. Performance of individuals with NS on WRAML2 subtests (normat
t(28) ¼ �3.43, P ¼ 0.002, and WM, t(28) ¼ �3.35, P ¼ 0.002,

but not on verbal memory tests (P ¼ 0.384).

Verbal Memory: Delayed Recall Versus Delayed
Recognition
Performance of participants with NS on the each of the WRAML2

subtests is depicted in Figure 1. In order to test the hypothesis that

free recall tasks are more difficult than familiarity-based recogni-

tion tasks for individuals with NS, performance on delayed recall

and delayed recognition tasks for the two verbal subtests (Story

Memory and Verbal Learning) was compared. Since theWRAML2

does not have a combined index for the delayed recall tests, scaled

scores for the Story Memory and Verbal Learning subtests were

averaged to create a Verbal Delayed Recall composite; scaled scores

for the recognition tasks associated with these two subtests were

similarly combined to create a Verbal Delayed Recognition com-

posite. A planned repeated measures comparison indicated that

performance measured by the Verbal Delayed Recall composite

(M ¼ 9.41, SD ¼ 2.96) was significantly poorer than performance

on the Verbal Delayed Recognition composite (M ¼ 10.91,

SD ¼ 3.46), F(1,28) ¼ 21.75, P < 0.001, partial h2 ¼ 0.437.

In order to determine whether this pattern of better delayed

recognition compared with recall performance was consistent

across the genotypes, we conducted this pairwise comparison

individually for each gene group. Verbal Delayed Recall was

poorer than Verbal Delayed Recognition for all groups, including

those with PTPN11 mutations, t(13) ¼ �2.32, P ¼ 0.038, SOS1

mutations, t(4) ¼ �10.59, P < 0.001, and unknown mutations,

t(9) ¼ �2.44, P ¼ 0.037.
ive sample: M ¼ 10, SD ¼ 3).
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Memory for Meaningful Versus Arbitrary
Information
It was observed that within each domain, tasks in which the

information was presented in a meaningful context appeared to

be less difficult for individuals with NS than tasks with more

arbitrary or out-of-context information. Hence in the verbal do-

main, scores tended to be higher on the StoryMemory Task, which

presents information within a coherent story, than the Verbal

Learning task, which presents information as a list of unrelated

words. Similarly, scores were higher for the Picture Memory task,

which involves everyday scenes, comparedwith theDesignMemory

task, which involves unrelated geometric forms.

In this vein, we conducted an exploratory analysis to examine the

possibility that information presented in a richer context is more

easily retained by individuals with NS than information presented

in more impoverished context, relative to the normative sample.

Pairwise comparisons were conducted to examine performance on

the meaningful versus arbitrary tasks, both for the verbal domain

and the visual domain. Scaled scores for the delayed recognition

tasks for each subtest were compared, due to the fact that the

response demands were very similar for each of the four subtests in

the recognition trial (i.e., they required the participant to simply

respond in a multiple choice or yes/no format regarding whether

the items was part of the original subtest content). Bonferroni

adjusted alpha levels of 0.025 were used to account for multiple

comparisons. For the verbal recognition tasks, performance on

the meaningful Story Memory task (M ¼ 11.76, SD ¼ 4.32),

was significantly better than performance on the arbitrary Verbal

Learning task (M ¼ 10.07, SD ¼ 3.21), t(28) ¼ 2.86, P ¼ 0.008.

For the visual tasks, the difference between performance on the

more contextual PictureMemory task (M ¼ 9.21, SD ¼ 3.42) and

the more arbitrary Design Memory task (M ¼ 8.31, SD ¼ 3.20)

failed to reach significance, t(28) ¼ 1.70, P ¼ 0.101.
DISCUSSION

The current study aimed to provide a detailed characterization of

learning andmemory abilities in children and adolescents with NS.

Based on a previous study by Alfieri et al. [2011b], which reported

that childrenwithNShadmore frequent deficits in verbal free recall

compared with visual and spatial recognition memory tasks, it was

hypothesized that verbal memory might be a weaker aspect of

memory among individuals with NS than other domains such as

visual memory. This hypothesis was not borne out by our results,

which indicated that immediate memory for verbal information

was actually better than for visual information, and that verbal

memory was also a strength relative to WM. This pattern of

strengths and weaknesses was observed in all genotype groups

(Table II). Indeed, verbal memory was the only domain in which

immediate recall performance of our NS cohort did not signifi-

cantly differ from the normative population.

An alternative hypothesis to explain the results of Alfieri et al.

[2011b] is that individuals with NS may perform better on recog-

nition tasks relative to free recall tasks. Our results support this

position. Within the WRAML2 verbal tasks, delayed recognition
memory was significantly better than delayed recall. Furthermore,

this result was consistent across all genotype groups.

Results from our memory assessment can be brought to bear on

hypotheses regarding the neural mechanisms that may be affected

by alteredRas signaling.One line of research suggests that structural

brain anomalies resulting from aberrant RAS–MAPK signaling

could be responsible for neuropsychological deficits observed in

the RASopathies. Experimental animal data has shown that altered

signaling within this pathway can result in developmental changes

in cortical volume, thickness, patterning and myelination [see

Samuels et al., 2009 for a review], as well as inhibited growth of

astrocytes and other central nervous system anomalies [Gauthier

et al., 2007]. Nevertheless, although frank neuroanatomical abnor-

malities are frequent in cardiofaciocutaneous and Costello syn-

dromes [Yoon et al., 2007; Gripp et al., 2010], abnormal brain

findings appear to be rare among patients with NS [e.g., Holder-

Espinasse and Winter, 2003]. Therefore, the potential for obvious

alteration of brain structure to explain learning disabilities in NS

may be limited.

Recently, insights regarding the role of theRAS–MAPK signaling

pathway in memory formation and consolidation have led to a

major paradigm shift in how neurocognitive impairments in these

disorders are conceptualized [Sweatt, 2004]. A growing body of

research confirms the essential role ofmolecules in this pathway for

synaptic plasticity in the mammalian brain, including long-term

potentiation (LTP) [Davis and Laroche, 2006]. The process of LTP

is thought to be a keymechanism for formation and storage of long-

term memories in brain structures including the hippocampus,

amygdala and regions of neocortex [Bliss and Collingridge, 1993;

Lynch, 2004].

In a series of groundbreaking studies, Silva and colleagues

demonstrated that hyperactivation of Ras in a genetically engi-

neered, heterozygous mouse model of NF1 (Nf1þ/�) resulted in

disruption of LTP at Schaffer collateral/CA1 synapses in the hip-

pocampus [Costa et al., 2002], suggesting a plausible mechanistic

explanation for the mild to moderate learning disabilities typically

seen in humans with NF1 [Shilyansky et al., 2010b]. Importantly,

the Nf1þ/� mice showed behavioral deficits in hippocampal-de-

pendent spatial learning tasks. In contrast, deficits in other types of

learning such as associative learning (e.g., fear conditioning) were

not observed [Silva et al., 1997; Costa et al., 2001]. Furthermore,

following genetic andpharmacologicalmanipulations that reduced

Ras signaling (including use of statin drugs), the learning deficits in

the Nf1þ/� mice were rescued and neurophysiological function

normalized [Costa et al., 2002; Li et al., 2005; Cui et al., 2008]. These

findings have precipitated initial clinical trials of statin-based drugs

as prospective therapies to improve cognition and behavior in

individuals with NF1 [Krab et al., 2008; Chabernaud et al., 2012].

In light of these exciting advances, a closer examination of

memory abilities in individuals with NS and other RASopathies

is of keen interest, both to better understand the nature of cognitive

and learning deficits that result from abnormal RAS–MAPK sig-

naling as well as to establish potential targets for therapeutic

interventions. Results from the current study demonstrate that

childrenwithNS show relatively intact verbal recognition processes

relative to verbal recall. These findings are consistent with hypoth-

esis that neurobiological processes of LTP in the hippocampus
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could be adversely affected in some individuals with NS, but

that neighboring cortical regions that support familiarity-based

judgments function relatively well.

An alternative explanation for our findings is that executive

functions necessary for organized retrieval of information from

memory could be affected in NS. Indeed, the prefrontal cortex, a

region important for executive processes, is known tobe involved in

strategic free recall of items from memory [Dickerson et al., 2007;

Long et al., 2010]. Our results from the two WM tasks comprising

the “Attention/Concentration Index” of the WRAML2 indicate

that a significant proportion of our NS cohort (34%) showed

deficits on tasks which require top-down control. Thus, poor

prefrontal executive functions could be an important contributor

to the greater difficulty with free recall tasks seen in many

individuals.

An interesting result of the present study is that girls with NS

outperformed boys on the learning andmemory tests. This finding

differs from other studies of individuals with NS, which have

generally found no gender differences on measures of intellectual

functioning [Pierpont et al., 2009] ormemory [Alfieri et al., 2011b].

This finding could potentially reflect a higher rate of learning

disabilities or Attention Deficit Hyperactivity Disorder (ADHD)

among males compared with females in the general population

[Liederman et al., 2005], and/or among children with NS. An

examination of previous psychiatric diagnoses (collected via a

demographic form completed by parents of participants) indicated

that the rate of ADHD among themales in NS in our sample (50%)

was much higher than the rate among the females (8%). Thus,

the executive dysfunction commonly seen in ADHD could have

plausibly led to the poorer performance onWRAML2 tests among

the boys.

An additional recent discovery relevant to the current study is

that some of the variation in intellectual and adaptive skills of

individuals withNS and other RASopathies can be attributed to the

specific gene and type ofmutation that occurs [Cesarini et al., 2009;

Pierpont et al., 2009, 2010b]. Despite low statistical power to detect

genotype effects, some descriptive findings from the current study

are of interest. For example, it was observed that the pattern of

strong performance on verbal tasks relative to the visual and WM

tasks was observed across all genotype groups (see Table II). The

groups also did not significantly differ with regard to overall

memory ability. In addition, individuals with p.N308D and p.

N308S mutations in PTPN11 appear to have intact memory,

consistent with previous literature indicating a low rate of cognitive

deficits in this group [Tartaglia et al., 2002]. Finally, we observed

that a child with a BRAF mutation (p.Q257R) scored within the

range seen in the NS group on memory testing, despite having a

lowerGMI score than the overall NS groupmean. This suggests that

the spectrumofmemory abilities in childrenwithRASopathiesmay

be on a continuum, with overlapping distributions based on gene

classification.

Finally, a unique aspect of the present study concerns the

examination of the possibility that information presented in a

contextual, or meaningful, format may be better retained by

participants with NS than information presented in a rote fashion.

At least for the verbal domain, our exploratory analyses indicate

children withNS had greater difficulty learning arbitrary or list-like
information. This suggests that presenting information in a con-

textual rather than rote format may be especially supportive of

memory in individuals with NS relative to the normative

population.

Results of the current studymust be interpreted in light of several

limitations. First, the overall sample size of the study is small,

reflecting the overall low prevalence of NS. Second, it was not

possible to obtain confirmation of a specific mutation for all

participants, due to the fact that some causative genes remain to

be discovered, as well as the clinical reality that molecular testing is

an ongoing process for many patients. Nevertheless, the rate of

unknown mutations in our cohort (34%) is consistent with the

percentage of NS cases with unknownmutations in recent genetics

studies using clinically referred cohorts [Tartaglia et al., 2010].

Additionally, use of theWRAML2 to measure memory ability only

enabled the investigation of delayed free recall versus delayed

recognition processes within the verbal domain. Future studies

using other instruments may assist in determining whether recog-

nition is also stronger within the visual domain.
CONCLUSIONS

Recent progress in understanding the effects of altered RAS–MAPK

signaling on mammalian neurobiology and neurophysiology have

led to an increased research focus on human genetic syndromes

associated with mutations in this pathway. In particular, there is a

growing literature indicating that RAS–MAPK mutations can

disrupt memory formation and consolidation. The results of the

current study support the position that recall processes, which

depend on the hippocampus and prefrontal cortex, are more

difficult for individuals with NS than recognition memory pro-

cesses which rely on more distributed temporal cortical regions.

Additionally, verbal recall and recognition were not impaired

relative to the normative population, whereas visual memory

andWMwere an area ofweakness formany of the childrenwithNS.

The present study suggests several potential ways to manage or

circumvent memory problems in individuals with NS. First, our

results suggest individuals with NS may have greater knowledge

than they are able to provide on free-form testing. Thus,when asked

to recall knowledge of words, details, or themes that have been

learned, they may better be able to reflect their knowledge when

providedwith choices. Second, formany individuals withNS itmay

bemore difficult to learn visually than verbally; therefore, verbal or

multimodal methods of presenting new information may be most

effective. Third, information presented in a meaningful context

may be better retained than arbitrary or rote information. Finally,

children with NS may benefit from supports to aid possible

difficulties in WM and executive functioning. Additional research

is needed to explore abilities in this domain more extensively.
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