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Abstract  

The Limkinase1 protein (LIMK1) is thought to be involved in neuronal development and brain function.  However, its role in spatial cognition in individuals with Williams syndrome (WS) is currently ambiguous, with conflicting reports on the cognitive phenotypes of individuals who do not have classic WS but harbour partial deletions including LIMK1. Two families with partial WS deletions have been described with deficits in visuospatial cognition (Frangikaskis et al., 1996), in contrast to others with similar partial deletions who did not display spatial impairments (Tassabehji et al 1999). To determine the role of LIMK1 in the highly penetrant visuospatial deficits associated with classic WS, it is essential to investigate the discrepancies between the two studies. Previous research used a standardised task to measure spatial cognition, which may not pick up subtle impairments.  We therefore undertook more extensive testing of the spatial cognition of two adults with partial genetic deletions in the WS critical region (LIMK1 and ELN only), who had not displayed spatial impairments in the previous study, and compared them to two high-functioning adults with WS matched on verbal ability. All participants completed a broad battery of 16 perceptual and constructive spatial tests, and the clear-cut spatial difficulties observed in the WS group were not found in the partial deletion group. These findings rule out the claim that the deletion of one copy of LIMK1 is alone sufficient to result in spatial impairment, but leave open the possibility that LIMK1 contributes to the WS cognitive deficits if deleted in combination with other genes within the WS deletion.  We conclude that a deeper assessment of WS at the genetic level is required before the contribution of specific genes to phenotypic outcomes can be fully understood.
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Introduction

Williams syndrome (WS) is a rare neurodevelopmental disorder occurring in approximately 1 in 20,000 live births (Morris, Dempsey, Leonard, Dilts, & Blackburn, 1988). It is caused by a microdeletion on one copy of chromosome 7 (at locus 7q11.23),  involving at least 28 genes (Donnai & Karmiloff-Smith, 2000; Ewart, Morris, & Atkinson, 1993; Lowery et al., 1995; Morris et al., 1988; Nickerson, Greenberg, Keating, McCaskill, & Shaffer, 1995; Tassabehji et al., 1999). Physically, individuals with WS have a dysmorphic face, with a flat nasal bridge, flared nostrils, long filtrum, wide mouth and prominent cheeks. There are often connective tissue abnormalities and a high frequency of cardiovascular difficulties (Beuren, Apitz, & Harmjanz, 1962; Williams, Barratt-Boyes, & Lowe, 1961), including supravalvular aortic stenosis (SVAS). Behaviourally, individuals with WS tend to be overly friendly to strangers and display a general lack of social judgement. They also tend to show extreme anxiety in new situations where unexpected things might happen (Tager-Flusberg, Boshatt, & Baron-Cohen, 1998). The full intelligence quotient (FIQ) of individuals with WS ranges from 40-100, with a mean of 56 (Bellugi, Litchtenberger, Mills, Galaburda, & Korenberg, 1999). However, this camouflages a very uneven cognitive profile, which has been commonly described in terms of a marked contrast between verbal and spatial abilities. Older children and adults with WS have been reported to show relatively proficient verbal abilities alongside deficient spatial abilities (Bellugi, Wang, & Jernigan, 1994; Karmiloff-Smith, 1998; Mervis, Morris, Bertrand, & Robinson, 1999). 

The chromosomal deletion at 7q11.23 is often referred to as the WS critical region (WSCR). Most individuals with WS have similar, although not identical, deletions of ~1.5 Mb of genomic DNA on one chromosome 7 homologue (Tassabehji, et al., 1999). Identification of the genes located on the relevant chromosomal segments may allow the characterisation of genes that contribute to the specific cognitive and behavioural features of WS (Tassabehji et al., 1999). Unravelling the genotype/phenotype relations of WS is likely to rely heavily on studies of individuals with partial chromosomal deletions and/or partial WS. Studies of individuals with partial smaller deletions on one copy of chromosome 7, including only two genes, ELN and LIMK1, are beginning to provide clues to the genes responsible for the subsets of WS features (Tassabehji et al., 1999; Karmiloff-Smith et al., 2002). The first deleted gene identified in the WS critical region was Elastin (ELN; Ewart et al., 1993) which causes the heart condition SVAS, and is the only firm geneotype-phenotype correlation determined to date (Tassabehji et al., 1999).

LIM kinase 1 (LIMK1) (Proschel et al 1995) is a serine protein kinase that is involved in reorganization of the actin cytoskeleton by phosphorylating and inactivating the protein cofilin, which depolymerises actin filaments. Actin cytoskeletal reorganization is important for cell shape and promotion of cell movement and is also involved in regulating axon formation (Bradke F et al 1999). LIMK1 is predominantly expressed in the central nervous system, and it has recently been shown that it regulates Golgi dynamics in developing neurons and is important for promoting axon outgrowth and the delivery of proteins to growth cones involved in the development of neuronal polarity (Rosso  et al 2004). Evidence from mouse models and functional experiments showing alterations in spine morphology and in synaptic function, suggest that LIMK1 is involved in neuronal development (Meng et al 2002). Deletion of one copy of the LIMK1 gene has also been reported to be involved in abnormal brain function associated with WS (Frangiskakis et al. (1996)). However, the role of LIMK1 in the cognitive profile of WS individuals has yet to be unambiguously defined. Frangiskakis et al. (1996) identified 15 individuals from 2 US families with deletions of only ELN and LIMK1. These individuals with smaller chromosomal deletions did not display all the behavioural or physical characteristics typically shown by individuals with WS, except for SVAS, which is caused by lack of elastin. However, on testing with the Differential Ability Scale (DAS; Elliot, 1990), the family members with partial deletions were reported to show the characteristic WS cognitive profile, exhibiting poor spatial constructional skills and proficient verbal ability. Analysis to determine the expression patterns of LIMK1 found that it was expressed in several different regions of the adult brain and, as such, was a good candidate for these observations, so the authors proposed a direct link between LIMK1 and spatial impairment.
Tassabehji and collaborators (1999) identified four UK individuals with isolated SVAS, who had partial deletions at the WS genomic locus. Two of these individuals had identical deletions to those in the Frangiskakis study, i.e., only ELN and LIMK1, and two had larger partial deletions, but still smaller than classic WS cases. To determine whether a reduction of  LIMK1 gene function to half the normal levels has pathological consequences that result in spatial impairment, identical tasks were used to those employed in the Frangiskakis et al. (1996) study.  None of the UK individuals with partial deletions displayed the spatial difficulties characteristic of the WS cognitive profile. There was in fact no discrepancy between their verbal and spatial scores, which were all in the normal range. However, qualitative assessment of the two individuals with deletions of only ELN and LIMK1 indicated a local processing preference on the Rey-Osterrieth Complex Figure Test (Osterrieth, 1944; Rey, 1941). Although this is a strategy reported to be used by individuals with WS, the individuals with partial deletions did not show the same low total score consistently obtained in WS, as they both scored in the normal range. The authors concluded that LIMK1 may play a subtle, as yet to be determined, role in affecting spatial abilities in WS, but that the deletion of one copy of this gene was unlikely to be sufficient to result in serious spatial impairments. 

Mervis and collaborators (1999) criticised these findings, claiming that the individuals with partial deletions in the UK study had above average intelligence (verbal IQ: 96 and 98) compared to the typical WS population. They maintained that, owing to their enhanced verbal ability, the UK individuals with partial deletions were able to overcome their spatial difficulties by talking themselves through the spatial tasks. However, Donnai & Karmiloff-Smith (2000) challenged these claims, pointing out that these individuals were unlikely to be able to mask serious spatial difficulties merely by using higher verbal ability, because adults with WS with high verbal IQs had been tested, and yet they display the serious spatial impairment typical of individuals with WS. It has also been noted that even when individuals with WS do use verbal ability to assist them in the completion of spatial tasks, they continue to display considerable deficits in this area (Atkinson et al., 2003; Bellugi et al., 1988; Mervis et al., 1999; Wang et al., 1995). 

It remains possible, however, that the standardised test used was not sufficiently sensitive to capture a more subtle spatial deficit.  The current study therefore re-assesses in far more detail the two individuals with partial deletions (of only ELN and LIMK1) described by Tassabehji and collaborators (1999), on a wide range of spatial tasks, and compares them to two individuals with WS specifically selected to have a higher verbal IQ than the typical WS population. This made them more closely matched (on verbal ability) to the individuals with partial deletions and allowed us to evaluate the proposal that the individuals with partial deletions were overcoming spatial difficulties by using their high verbal ability (Mervis et al., 1999). Based on our previous findings, however, we predicted that individuals with partial deletions would not differ significantly from a normative sample on tests of spatial cognition, whereas those with WS, despite their high verbal ability, would. This study therefore investigates the important discrepancies between the neurological phenotypes in the US and UK studies, and assesses the role of LIMK1 in the highly penetrant visuospatial deficits associated with classic WS.

Method

Participants: Two individuals with WS (WS1 and WS2) - with deletions confirmed by molecular testing - were selected on the basis that their verbal IQ's were higher than the average WS population, to ensure a stringent test of our hypothesis. This choice made them more closely matched (on verbal ability) to the participants with partial deletions (see Table 1). Full IQ matching was obviously not possible, given the uneven cognitive profile exhibited by individuals with WS. It is to be noted that despite their high verbal skills, both of the WS participants exhibited the characteristic WS cognitive profile. On previous testing, they displayed marked spatial deficits in relation to proficient verbal skills (Karmiloff-Smith et al., 2002; Tassabehji et al., 1999). WS1 was a 34-year-old Caucasian male; WS2 was a 46-year-old Caucasian female. 

Two individuals (PD1 and PD2) with previously defined genetic deletions in the WSCR including only 2 genes, ELN and LIMK1, (Tassabehji et al 1999) were relatively well matched on chronological age and on verbal ability to the two participants with WS (see Table 1). These individuals did not exhibit any behavioural or physical features characteristic of the WS phenotype, other than SVAS. On previous cognitive assessment, but much more limited than the current study, PD1 and PD2 did not show a dissociation between verbal and spatial ability, exhibiting proficient skills in both domains (Tassabehji et al., 1999). PD1 was a 35-year-old Caucasian male (referred to as PM in our previous study). PD2, the brother of PD1, was a 41-year-old Caucasian male (TM, in our previous study).

Table 1 about here

Test administration

Sixteen different spatial tasks were administered to the four participants, covering a wide variety of perceptual and constructive spatial cognition tests. Some of these had previously been used to assess a WS population, but not individuals with partial deletions. Some of the tests were novel tests for both groups and were chosen from the neuropsychological literature because they are known to pick up subtle deficits in perceptual and constructive spatial cognition. Brief descriptions of the spatial tests used in this study are given below. Further details of the stimuli, procedure and scoring methods are provided in Appendix 1.
 A normative data set was collected for those tests for which standardised data were not available.  The normative data were collected from 10 individuals (6 female, 4 male) for whom English was their first language. The normative group was aged between 30-55 years (mean: 37.10 years) and had a mean verbal IQ of 107 (range 92-118). Several of the scoring systems for tests employed in this study were based on subjective scoring judgments. Two inter-raters were therefore used to assess the reliability of the scores awarded to participants on these tests (see Table 2). Reliability was calculated using Cronbach's Alpha (Bland & Altman, 1997). These data show that the scores awarded here were reliable. 

Table 2 about here

1. Rey-Osterrieth Complex Figure Test (Osterrieth, 1944; Rey, 1941) 

Standard methods of presentation were applied. Participants were given unlimited time to copy the figure and were asked to recall the figure from memory: first after three minutes (immediate recall) and again after 30 minutes (delayed recall). The Rey-Osterrieth 36-point scoring system was used (Meyers & Meyers, 1995).

2. Taylor Complex Figure Test (Taylor, 1979)

Standard methods of presentation and scoring were applied. Participants were given unlimited time to copy the figure. A 36 point scoring system was used (Lezak, 1995).

3. Clock face drawing task (Boston Parietal Lobe Battery; Goodglass & Kaplan, 1972)

 Participants were instructed to draw a clock face, to put in all the numbers, and to set the hands for ten past eleven. A quantitative method of scoring was used (Rouleau et al. 1992).  
4. Drawing a ground plan

Participants were shown a sample drawing before being asked to draw a plan of the ground-floor of their flat, or house, on paper placed along their horizontal plane. Spacing errors were calculated as a percentage of rooms that were drawn independently of other rooms: that is, without representation of the connection between separate areas of space. 

5. Writing letters in lower case

Participants were asked to write letters in lower case on plain paper placed along their horizontal plane. Each letter of the alphabet was sounded out and named by the experimenter before the participant wrote the letter.  Only legible, lower case letters were counted as correct. For each participant, the number of correct responses was compared with the mean control score.

6. Block Design subtest of the WAIS (Weschler, 1999)
Standard methods of presentation and scoring were applied. 

7. Orientation Stamping task

This task was adapted from Goodale and Milner (1994). The participants were asked to place a rectangular stamp (covered in red ink) inside a rectangle drawn centrally on a white paper disc. The disc was rotated between trials so that the central rectangle varied in orientation relative to the edge of the table (0°, 45°, 90°, or 135°). Responses in which the red ink spread beyond the outlines of the rectangle were considered as errors. The number of errors was compared with the average control error score.    

8. Reaching task

The apparatus was based upon a test developed by McCloskey (1995). Participants reached ballistically for a wooden block placed at one of ten different positions that differed in distance and orientation from the participant. The block was placed with vision occluded. The glasses were then cleared revealing the position of the block to the participants. Participants were asked to reach for the block either in full vision (visually-guided condition) or with vision occluded again (memory condition). Reaching movements which deviated from the most direct line to the block were counted as errors and compared with control data.  

9. Developmental Test of Visual Perception (DTVP; Hammill, Pearson, & Voress, 1993): 

Motor enhanced sub-tests.

This test, which was developed for use with children aged four to eleven years, contains four motor-enhanced spatial tasks that require the use of a pencil (eye-hand co-ordination, shape copying, spatial relations and visual-motor speed). Standard scores assigned to participants were based on the highest age range of normative data available (10.0 - 10.11 years).

10. Star cancellation test (Halligan, Cockburn, & Wilson, 1991; Wilson, Cockburn, & Halligan, 1987)
Participants were asked to cross through all the small stars (N = 54) presented in a scattered array of words, letters and stars printed on a sheet of A4 paper, presented centrally. Standard methods of scoring were used. 

11. Orientation Matching Task

This two-dimensional task was adapted from a three-dimensional task developed by Goodale and Milner (1991). The participant was required to turn a white disc that contained a central rectangle (8cm x 2.5cm) - referred to as a ‘slot’ - until the orientation of the slot matched the orientation of a second slot on an identical target disc. The average deviation in orientation made by each participant was compared to the control average. 

12. Faces in Places: Simultaneous condition (Funnell & Hughes, 2001):
Participants were asked to match a face presented in a block of four boxes to the identical box in an empty block. The two blocks were placed on the same page either horizontally, vertically or diagonally. The number of correct responses was compared with the average score of the controls. 

13. Faces in Places: Serial condition (Funnell & Hughes, 2001):
This condition followed the simultaneous condition (Test 12). Participants were asked to remember the position of a face presented in a single block of four boxes and then to point, from memory, to the identical box in an empty block of four boxes presented on a separate page.  Pairs of blocks on separate pages were positioned vertically, horizontally, or diagonally to each other. The number of correct responses was compared with the average score of the controls. 

14. Lines and Shapes (Funnell & Hughes, 2001) 

Participants were asked to copy a small printed arch, placed at the end of one line, to the identical position on a similar, but empty, line. Lines were either horizontal or vertical and were placed side by side on the page. A trial was scored as correct if the arch was reproduced in the same position and the same orientation as the target. Participant’s scores were compared with the average control data.  

15. Clock face recognition

Participants were shown four clock faces and were asked to point to the clock face that was showing the time of ten past eleven. A correct response was considered to reflect normal performance.

16. Motor reduced sub-tests of the Developmental Test of Visual Perception (DTVP; Hammill, Pearson, & Voress, 1993): 

Participants were asked to carry out the four motor-reduced tests that complete the DTVP (see test 9 above). These tests require a pointing response and include the selection of shapes depending upon variations in position in space, figure-ground, visual closure and form constancy.  Standard procedures of presentation and scoring were observed. Standard scores for the adult participants were based on the highest age range of normative data available (10.0 - 10.11 years).

Results

The results for tasks where significant differences emerged between participants are presented in Table 3. Since the tests yielded different types of measures, we compared each score with the normative data to derive a z-score. Test scores that are significantly below the norm are indicated in Table 3. It is clear that both individuals with WS (WS1 and WS2) were significantly impaired on two of the visual-perceptual tests of spatial processing: orientation matching, and faces in places (simultaneous condition), as well as on six of the constructional tests: clock face drawing, ground floor drawing, Rey Figure delayed recall, Taylor Figure recall, writing in lower case to dictation and copying shapes to lines. They also had problems in the clear vision condition of the reaching task.  

Table 3 about here

By contrast, the two individuals with partial deletions (PD1 and PD2) had problems with only one test, writing in lower case, which also proved difficult for the WS patients. Errors consisted mainly of upper case letters with some additional illegible letter forms.  Distributions of these error types were similar across WS participants (ten upper case errors and 4 illegible letters) and PD participants (9 upper case errors and 3 illegible letters). In both groups, letters were written at normal size.  Otherwise the PD participants displayed no deficits in the 15 remaining spatial tasks.  A comparison between the number of test results that were significantly below the norm and the number within the normal range revealed a highly significant difference between the combined scores of the individuals with WS and the combined scores of the individuals with partial deletions (chi square (1) = 15.8, p < 0.001). 

Discussion

Our hypothesis that the individuals with partial deletions (PM and TM, Tassabehji et al., 1999) would not significantly differ from a normative sample on a wide variety of tests of spatial construction and spatial perception was supported by the much broader spatial cognition data presented in this paper. They exhibited normal proficiency on 15 of the 16 spatial tests and experienced difficulty on only one (writing in lower case). On this test, the errors made by the partial deletion patients were similar to those made by the two individuals with WS, and may warrant further investigation in both groups or may be simply due to a problem inherent in the task itself. 

The data in this study support and extend our previous findings (Tassabehji et al.,1999) that the individuals described with partial deletions in the WS region (that do not extend to the telomeric critical region) do not show the characteristic spatial impairment exhibited by individuals with WS. The data cannot be explained in terms of differences in verbal ability between the two groups, as originally suggested by Mervis and collaborators (1999), because the verbal abilities of all participants in our study were within the normal range, with the verbal IQ of one of the individuals with WS (112 on the BAS-II) well above that of both partial deletion patients (98 and 96 respectively).

The current research does not therefore support the claims of Frangiskakis et al. (1996), who reported spatial impairment in individuals with partial deletions, similar to PD1 and PD2,  and suggested that a 50% reduction in the level of LIMK1 gene function causes this cognitive abnormality.  In fact, there are many cases where humans are able to function normally with only a 50% level of gene action, sometimes because of functional redundancy between genes of the same family. It is possible that the differences between our cases with partial deletions and those in the latter study occur at a genetic level. Deletion, disruption or mutation of other gene(s) outside the genomic region defined on 7q11.23 or on other chromosomes that have not been detected could contribute to the spatial deficits described. They thus warrant a more thorough genetic assessment to confirm any differences between the affected individuals. 

What is clear from the greater breadth of cognitive data that we have accrued from individuals deleted for one copy of LIMK1, but showing no phenotype other than elastin-associated ones (namely SVAS), is that either (i) reduced  quantities of  the LIMK1 protein alone do not have consequences on visuospatial constructive cognition, a phenotype consistently seen  in WS individuals, or (ii)  that abnormally low levels of LIMK1 can affect spatial impairment but only in combination with reduced levels of other proteins involved in brain function. The latter occurs when other genes are deleted, as is the case in classic WS. Our findings highlight the need for deeper assessment of WS at the genetic level before the contribution of specific genes to phenotypic outcomes can be fully understood. 
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Table 1 Equivalent IQ scores, based on standard scores from the BAS-II, for typical individuals with WS (WS), the two high-functioning WS participants (WS1 WS2), and the partial deletion patients (PD1, PD2).

	
	 Typical WS
	WS1
	WS2
	PD1
	PD2

	Verbal
	59
	79
	112
	98
	96

	Spatial
	45
	47
	55
	88
	100


Table 2 Inter-rater reliability co-efficients.

	Test
	Reliability co-efficient

	Clock face
	.95

	Rey figure

   Copy
	.98

	   Immediate recall
	.99

	   Delayed recall
	.99

	Taylor figure

   copy
	.98


Table 3.  Normal deviate scores for test results that are significantly below the norm.

	Test
	WS1
	WS2
	PD1
	PD2

	Rey-Osterrieth Figure

        Copy

        Immediate Recall

        Delayed recall

Taylor Figure

Clock Face Drawing 

Ground Plan Drawing 

Writing in Lower Case 

Block Design - WAIS 

Reaching – Clear Vision 

Lines and Shapes

Orientation Matching

Faces in places – simultaneous
	14.5/36 

(-2.2*)

4.5/36 

(-3***)

5/36 

(-3***)

16/36 

(<-3***)

4/10 

(<-3***)

(<-3***)

20/26 

(<-3***)

4/13 

(-2.2*)

13/20 

(<-3***)

13/15

 (-1.97*)

(-2.61**)

14/16

(-2.0*)
	21/36 

(-2.2*)

10.5/36 

(-2.3*)

22/36 

(<-3***)

(<-3***)

18/26 

(<-3***)

18/20 

(-3***)

10/15 

(<-3***)

(<-3***)

14/16

(-2.0*)


	19/26

 (<-3***)
	21/26 

(<-3***)


*     p < .05  (z < -1.96), **   p < .01  (z < -2.33), *** p < .005 (z < -2.58)

Appendix 1. Further essential details of lesser known tests. 

Test 7. Orientation Stamping task.

The target comprised a white circular disc (diameter 13cm) containing a black rectangle (8cm x 2.5cm). The test stimuli were created by computer, using Vectorworks. Each pattern was laser printed and photocopied. A stamp was prepared by fixing a strip of rubber to the end of a block of wood (6.5cm x 7cm x 1.5cm). The rectangle appeared in one of four different orientations placed 0°, 45°, 90°, or 135° to the horizontal and each orientation was presented four times in random order. 

Test 8. Reaching task

The stimuli included a wooden block (3cm³), a pair of clear glass spectacles that could be occluded, and a sheet of plain A3 paper upon which ten locations were marked in pencil as faint dots. The locations formed two semi-circles placed at 18cm and 36cm from the subject. The locations on these arcs were placed at 0°, 45° and 90° to the horizontal. The paper was placed horizontally and lined up so that the midline of the page matched the midline of the participant.  Participants wore occluded glasses while the block was placed and sat with their preferred hand positioned at the mid-line. In the visually-guided condition the glasses were then cleared and the participants were asked to reach for the block immediately, using a ballistic movement. In the memory condition, the glasses were cleared momentarily to reveal the position of the block, and were then occluded. Once the glasses were occluded, the participant was asked to reach immediately for the block using a ballistic movement. The block was presented four times in each of the ten randomly interleaved positions. Forty trials were presented, 20 in clear vision and 20 from memory. 

Test 11. Orientation Matching Task

The test stimuli were created by computer, using Vectorworks. A black rectangle (8cm X 2.5cm), referred to as a ‘slot’, was laser printed and photocopied onto the centre of two identical white discs of 13cm diameter. On completion of each rotation, a set-square was used to mark the top point on the rotatable slot. This allowed the precise calculation of the number of degrees of error from the target orientation. The average number of degrees of error made by each participant was compared with control data.  

Test 13. Faces in Places: simultaneous condition.

The stimuli consisted of two squares (4.6cm²) divided into four squares of equal size (2.3cm²). There were thirty-two trials comprised of 4 vertical, 4 horizontal and 8 diagonal arrangements, mixed together.  The simultaneous condition was presented before the serial condition (see Test 14).

Test 14. Faces in Places: serial condition.

The stimuli consisted of the squares described in the simultaneous condition (see Test 13). The squares were presented on separate pages with the relative spatial position of the two squares in the simultaneous condition was preserved across the two pages. The first square was presented and the page was then turned over so that the square was obscured. This was followed by a blank page and then the second square. There were thirty two trials: 4 vertical. 4 horizontal and 8 diagonal arrangements mixed together. 

Test 15. Lines and Shapes (Funnell & Hughes, 2001) 

Two horizontal or two vertical lines (6.8cm X 0.2cm) were drawn side by side in black ink on A5 paper. The horizontal lines were separated by a gap of 4cm and the vertical lines by a gap of 10cm. A small green arch (1.5cm base width and 0.8cm height) appeared at one end of one of the two lines and facing the line. Sixteen mixed trials were presented: eight with horizontal lines and eight with vertical lines. A trial was scored as correct only if the arch was reproduced in the same relative position and the same orientation as the target.  The quality of the drawing was not scored. 
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