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The study of specific aspects of rare inherited disorders could possibly lead to the better understanding of neuropsychiatric diseases. The Bardet-Biedl syndrome (BBS) is an emblematic ciliopathy, related to the dysfunction of the primary cilia/centrosomal complex found in almost any cell in the body including the neuronal cells [START_REF] Whitfield | The neuronal primary cilium-an extrasynaptic signaling device[END_REF]. BBS is genetically heterogeneous with 15 different BBS genes identified to date (BBS1 to BBS15) (OMIM #209900) and is defined by the constellation of at least three of the following major features: obesity, retinitis pigmentosa, polydactyly, kidney dysfunction and cognitive impairment [START_REF] Beales | New criteria for improved diagnosis of Bardet-Biedl syndrome: results of a population survey[END_REF]. Although the latter is variable and lacks any genotype/phenotype correlation, certain neuropsychiatric traits are prevalent in patients with BBS [START_REF] Beales | New criteria for improved diagnosis of Bardet-Biedl syndrome: results of a population survey[END_REF][START_REF] Barnett | Behavioural phenotype of Bardet-Biedl syndrome[END_REF].

Recent studies on transgenic mice and studies on various cellular and animal models have shown the importance of cilia-related pathways in the development and maintenance of the brain neuronal network prompting for investigations for the mechanism underlying the human cognitive/behavioral phenotype in ciliopathies and in particular in BBS [START_REF] Davis | A knockin mouse model of the Bardet-Biedl syndrome 1 M390R mutation has cilia defects, ventriculomegaly, retinopathy, and obesity[END_REF][START_REF] Nishimura | Bbs2-null mice have neurosensory deficits, a defect in social dominance, and retinopathy associated with mislocalization of rhodopsin[END_REF][START_REF] Kamiya | Recruitment of PCM1 to the centrosome by the cooperative action of DISC1 and BBS4: a candidate for psychiatric illnesses[END_REF].

Indeed, in BBS, neuropsychiatric traits include developmental delay, mental retardation (MR), learning difficulties, speech deficit, and behavioral problems [START_REF] Beales | New criteria for improved diagnosis of Bardet-Biedl syndrome: results of a population survey[END_REF]. BBS children were described as having increased levels of internalizing problems, presenting with an anxious/depressed mood and having raised levels of social, thought and attention problems. A significant minority of children scores in the clinical range on a measure of autistic symptoms without, however, meeting diagnostic criteria and the majority was reported to present obsessive and ritualistic behavior [START_REF] Barnett | Behavioural phenotype of Bardet-Biedl syndrome[END_REF].

In order to better characterize the neuropsychiatric traits of patients with BBS we evaluated the cognitive/intellectual efficiency, behavioral phenotype, prevalence of psychiatric diseases and memory performances of a cohort of patients with BBS. The study extended to morphological investigations with systematic brain magnetic resonance imaging (MRI) that revealed a surprisingly high rate of hippocampal dysgenesis (HD). This observation concurs with Baker et al.'s [START_REF] Baker | Neocortical and hippocampal volume loss in a human ciliopathy: a quantitative MRI study in Bardet-Biedl syndrome[END_REF] study that has recently shown significant neocortical and hippocampal volume loss in BBS patients in a case-control study.

Materials and methods

The French BBS cohort

Setting

These investigations were conducted by the way of a national study on BBS driven in France (Programme Hospitalier de Recherche Clinique 2002). Patients were included in the study after they gave (with their parents if they were minor) written informed consent, in particular, for DNA analysis (with respect to the tenets of the Declaration of Helsinki). This study was authorized by Strasbourg Hospital's ethical committee (CCPPRB Alsace n • 1). The study was based on a general clinical and biological assessment of patients with BBS and included psychiatric and psychological evaluations. Patients were evaluated in four French clinical research centers (Centres d'Investigation Clinique) in Strasbourg, Montpellier, Marseille and Lille.

Design and participants

To be included in the study, all patients had to be 16 years old and above and met at least three of the criteria for BBS as defined by Beales (2). Thirtyfour patients diagnosed with BBS were included in this study (26 men and 8 women, mean age = 25 years old, ranging from 17 to 53 years old, standard deviation = 8). All patients had a global clinical examination, with in particular the assessment of physical features such as obesity, graded accordingly to the World Health Organization [START_REF]Obesity: preventing and managing the global epidemic[END_REF] and the level of visual impairment (9) (Table 1). The level of educational attainment was also evaluated according to the ICSED (10) (Table 1). We proposed genotyping, psychiatric evaluation, and an MRI study to all patients.

Genotyping

Our mutation detection strategy evolved according to novel gene identification and the availability of 

Image analysis

Three neuroradiologists (J.-L. D, D. C., and S. K.) visually assessed the coronal T2 weighted MR images independently with majority ruling in cases of disagreement. They evaluated the abnormal position of the hippocampus (defined as a medial position inducing an enlargement of the temporal horn and leaving the lateral part of the choroid fissure empty), an abnormal form of the hippocampus (defined as a round or pyramidal hippocampus), an abnormal orientation of the hippocampus (defined as a vertically oriented hippocampus), the visualization of internal hippocampal structures, an abnormal orientation and length of the collateral sulcus (defined as a deep and vertically oriented collateral sulcus). The localization of the observed abnormalities in the head, the body or the tail of the hippocampus was noted.

mRNA expression of BBS proteins in the human brain

Expression of BBS mRNA of the BBS1 to BBS12 genes, in the normal human hippocampus and the normal human brain, was explored with quantitative polymerase chain reaction (qPCR). Four total human brain RNA samples were pooled [obtained from two male and two female Caucasians, aged 18-66 years old, one male deceased from brain trauma (Clontech pooled from 20 male and female Caucasians (aged 18-54 years old, deceased from sudden death) were also analyzed. RT-PCR of the hippocampal RNA and of the total brain RNA was performed using iScript™ cDNA synthesis kit (BioRad ® , Hercules, CA) according to the BioRad protocol. BBS1 to BBS12 probes were designed by Applied Biosystems, and qPCR was performed with iTaq polymerase according to Applied Biosystems. The housekeeping genes GAPDH and r18s were used as qPCR reference genes [START_REF] Derks | Housekeeping genes revisited: different expressions depending on gender, brain area and stressor[END_REF][START_REF] Tunbridge | Changed relative to what? Housekeeping genes and normalization strategies in human brain gene expression studies[END_REF]. Our groups of pooled RNA from the hippocampus and from the total brain are comparable for gender.

Results

Cognitive assessment

Twenty-four patients performed the verbal part of the WAIS-R. Seven patients (26%) presented with MR, five patients had a limited intelligence, four patients had a normal weak intelligence, seven patients had a normal IQ and one patient had an IQ above 120 (Table 1).

Psychiatric assessment

Twenty-six patients were assessed with the mini diagnostic evaluation for psychiatric diagnosis according to the DSM-IV (Table 2). Thirtytwo patients were evaluated for general behavioral and psychomotor characteristics. One patient (3%) presented with poor contact, 10 patients (31.5%) presented with slow motion, 13 patients (40.5%) presented with slow ideation, 2 patients (6.5%) presented with impulsivity and 4 patients (12.5%) were reticent.

Brain imaging

Twenty-six patients participated in the brain imaging study, and 42.31% (n = 11) patients presented with HD. Nine of these patients presented with bilateral HD and two of them presented with unilateral left HD (Table 1 and Fig. 1). For two siblings with the same mutation (I.07.10 and I.07.15), HD was bilateral observed for one case and unilateral for the other.

The group of patients with HD was significantly younger than the group without hippocampal dysgenesis ("no hippocampal dysgenesis" group, (NHD)), (mean age of 29.4 in the group HD vs 22.18 in the NHD group, p = 0.02 by the Wilcoxon test).

No significant differences between the groups HD and NHD were observed for gender, for the degree of visual impairment, for obesity, nor for the level of education (Wilcoxon test).

Group of patients with brain imaging and neuropsychiatric evaluation

Of the 26 patients who underwent the brain imaging study, the verbal WAIS-R performed in 23 patients, 10 patients in the 'HD' group, and 13 in the group of patients with NHD. There is a broad range of VIQs in both groups. The mean VIQ in the HD group was of 80.8 and 84.2 in the NHD, and there was no significant difference between both groups.

MRI was performed in 19 patients and were assessed for the verbal index of the WMS-R battery. Eight patients were in the HD group and 11 in the NHD group. The scores were largely distributed; the mean VMI was of 87.5 in the HD group and of 80.1 in the NHD group, and there was no significant difference between both groups. The genes BBS1 to BBS12 are all expressed in the human brain and in the hippocampus as the GAPDH (Fig. 2) and r18s (data not shown) control housekeeping genes. Except for BBS1, the level of expression of all the other BBS genes analyzed was greater in the hippocampus than in the total brain.

Discussion

The MRI study in patients affected with BBS disclosed a surprisingly high rate of unilateral or bilateral HD for 43% (n = 11) of the cases. This percentage, found with criteria previously used for the assessment of hippocampal malformation in another condition namely epilepsy [START_REF] Peltier | MRI of hippocampal malformations in patients with intractable temporal lobe epilepsy[END_REF][START_REF] Bernasconi | Analysis of shape and positioning of the hippocampal formation: an MRI study in patients with partial epilepsy and healthy controls[END_REF] clearly rules out variation from the normal, ranging from 4% to 10% of healthy subjects [START_REF] Peltier | MRI of hippocampal malformations in patients with intractable temporal lobe epilepsy[END_REF][START_REF] Bernasconi | Analysis of shape and positioning of the hippocampal formation: an MRI study in patients with partial epilepsy and healthy controls[END_REF]. Moreover, our study with a qualitative description of HD in patients with BBS concurs with the recent report on hippocampal and neocortical quantitative volume loss in patients with BBS [START_REF] Baker | Neocortical and hippocampal volume loss in a human ciliopathy: a quantitative MRI study in Bardet-Biedl syndrome[END_REF]. These findings prompt for specific evaluation of memory tasks in patients with BBS as the hippocampus has a crucial role in episodic and spatial memory, and allows us to recall real past scenes or imagine fictitious ones [START_REF] Bird | The hippocampus and memory: insights from spatial processing[END_REF].

In the initial scope of this study, a systematic cognitive behavioral study was performed in parallel to the imaging and showed the major variability of the cognitive phenotypes with three main groups of patients ranging from severe MR to moderate, normal and even supranormal performance, although our exploratory panel of cognitive behavioral explorations was reduced because of patients' visual impairment. This also shows that 'mental retardation' is not a compulsory criterion for BBS diagnosis and advocates caution in prognosis. Our psychiatric testing results are in line with previous studies (2, 3), and show particularly high rates of mood disorders, OCD, agoraphobia, and generalized anxiety in patients with BBS. A high rate of slow ideation -although assessed by one single rater -deserves further assessment. No correlation of any of these clinical data could be made specifically with HD as they were found in both groups of patients.

When studying the hippocampus in the BBS population, we must take into account that in blind non BBS individuals the anterior right hippocampus is significantly larger and the posterior right hippocampus is significantly smaller [START_REF] Leporé | Pattern of hippocampal shape and volume differences in blind subjects[END_REF] in comparison to sighted individuals. This may reflect adaptive responses to sensory deprivation, and/or increased functional demands on memory systems, and in particular of spatial memory systems [START_REF] Leporé | Pattern of hippocampal shape and volume differences in blind subjects[END_REF]. In a similar way, the high rates of OCD, agoraphobia and generalized anxiety need to be compared with those of a poor-sighted population, as ritualistic behavior may be a means to overcome visual difficulties and will be better assessed in an upcoming study complemented by a control group of visually impaired patients without BBS.

Genotyping of the patients also failed to show a straightforward genotype-phenotype correlation, but the weak number of patients in regard to the genetic heterogeneity and the possible importance of environmental factors warrant larger series of patients.

RNAs from total brain including hippocampus (pooled from 4 individuals) and from hippocampus (pooled from 20 individuals) were investigated for the expression by quantitative real time PCR of the BBS genes. Expression of all BBS genes was found in both tissues. A higher level of expression of BBS genes 2-12 in the normal human hippocampus was observed in comparison to the total brain. Despite experimental limitations because of the pooling and the cause of death, this data suggests that the hippocampus could be a target organ for BBS gene expression in the adult. This is of importance as in the rat the expression 
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Total Brain Hippocampus Fig. 2. Gene expression of BBS1 to BBS12 in the total brain extract (pool of n = 20 subjects) versus gene expression of BBS1 to BBS12 in the hippocampus in the adult human brain (pool of n = 4 subjects). The groups of pooled RNA from the hippocampus and from the brain are comparable for gender. All BBS genes are expressed in the hippocampus and in the brain; the expression of BBS2 to BBS12 is higher in the hippocampus than in the total adult brain. of r18s in the hippocampus is lower in males than in females [START_REF] Derks | Housekeeping genes revisited: different expressions depending on gender, brain area and stressor[END_REF]. However, other factors could not be controlled; although the expression of GAPDH and r18s does not differ upon acute or chronic stress in the hippocampus, the expression of GAPDH and r18s is modified by hypoxia, stress, and brain trauma [START_REF] Tunbridge | Changed relative to what? Housekeeping genes and normalization strategies in human brain gene expression studies[END_REF], and this may influence the differences in levels of expression between the total brain and the hippocampus, especially as two of the brains from which the total RNA was pooled were from patients who died from brain trauma and from chronic obstructive pulmonary disease. Moreover, our comparison was of the expression of BBS genes in the total brain -including the hippocampusvs the hippocampus alone, which would bring to an underestimation of the difference in levels of expression of BBS2 to BBS12 in the hippocampus versus the brain.

Previously, it has been reported that a third of patients with malformations of cortical development (MCD) have hippocampal abnormalities [START_REF] Montenegro | Patterns of hippocampal abnormalities in malformations of cortical development[END_REF][START_REF] Kuchukhidze | Hippocampal abnormalities in malformations of cortical development: MRI study[END_REF]. The high rates of HD in MCD question the fact that HD in our patients may reflect a larger cortical disorganization. At the same time -although in our cohort there was no correlation between HD and the cognitive impairment in BBS syndrome -the fact that MCD patients with hippocampal abnormalities have a higher rate of learning disability and delayed developmental milestones (in comparison with MCD patients without hippocampal abnormalities [START_REF] Kuchukhidze | Hippocampal abnormalities in malformations of cortical development: MRI study[END_REF] encourages us to continue our investigations in a larger cohort with better cognitive phenotyping of our patients.

Cognitive impairment in BBS questions the role of primary cilia in the brain morphogenesis and function in vertebrates and human beings. Indeed, the role of primary cilia in brain development and more recently the role of the cilia in adult neurogenesis in the subgranular zone of the dentate gyrus as a part of the hippocampal formation are being uncovered. Cilia are critical regulators of sonic hedgehog (Shh) signaling on postnatal precursor cells and participate in orchestrating postnatal forebrain development and stem/precursor cell maintenance [START_REF] Breunig | Primary cilia regulate hippocampal neurogenesis by mediating sonic hedgehog signaling[END_REF]. The absence of an intact functional cilia and subsequent alteration of Shh signaling leads to defective hippocampal morphogenesis and dysregulation of mitotic activity in the mice's postnatal brain [START_REF] Breunig | Primary cilia regulate hippocampal neurogenesis by mediating sonic hedgehog signaling[END_REF], stressing the hippocampus as a target organ for BBS-related ciliopathic manifestations. Our results in patients with BBS show the interest to investigate the impact of impaired biogenesis and/or maintenance of the primary cilia in the central nervous system (CNS) and require demonstration of the presence of ciliated hippocampal granule cells in postmortem human brains, and, if possible, examination of the cilia of hippocampal granule cells in human brains of patients affected with ciliopathies.

This study concurs with the hypothesis that the neuronal primary cilia of the dentate gyrus are the drivers of neurogenesis [START_REF] Whitfield | The neuronal primary cilium: driver of neurogenesis and memory formation in the hippocampal dentate gyrus?[END_REF]. It is now important to evaluate how a deficient cilia could affect learning and memory formation in patients, as adult hippocampal neurogenesis has a crucial role in memory and newborn neurons of the dentate gyrus may have a role in pattern integration and pattern separation [START_REF] Deng | New neurons and new memories: how does adult hippocampal neurogenesis affect learning and memory?[END_REF]. In conclusion, because of the high rate of HD in our patients with BBS a quantitative MRI study is under way coupled with memory performance investigations with a controlled visually impaired population. Moreover, because of the high level of expression of BBS proteins in the human normal hippocampus the possible role of BBS proteins and other ciliary proteins in the biogeneisis and maintenance of the hippocampus and related CNS structures is warranted.

Fig. 1 .

 1 Fig. 1. Magnetic resonance imaging of normal hippocampus and hippocampal dysgenesis. (a and b) Coronal T2 weighted image centered on the hippocampus showing normal anatomy. The hippocampus presents a lateral position, an ovoid form, a transversal orientation, its internal structures are distinguishable and the collateral sulcus is short and transversally orientated. (c and d) Coronal T2 weighted images of patient 4.02.02. Bilateral hippocampal dysgenesis extending from the body to the head, partial on the right side (medial position of the hippocampus, pyramidal form, blurring of hippocampal internal structures, deep and vertically oriented collateral sulcus, but the hippocampus is not vertically oriented) and complete on the left side (medial position of the hippocampus, a round vertically oriented hippocampus, blurring of hippocampal internal structures, deep and vertically oriented collateral sulcus). (e and f) Coronal T2 weighted images of the hippocampus of patient 1.08.12. Bilateral complete hippocampal dysgenesis extending from the tail to the body and the head (medial position of the hippocampi, round vertically oriented, blurring of hippocampal internal structures, deep and vertically oriented collateral sulci).

  BBS4 BBS5 BBS6 BBS7 BBS8 BBS9 BBS10 BBS11 BBS12

Table

  

  . Genotype, clinical features, hippocampal neuroimaging and neuropsychiatric characteristics of all BBS patients who performed the MRI examination

					Visual	impairment	Normal		Normal		Moderate		Moderate			LB		LB			L B				LB	M D	LB	LB
					Educational Grade of	attainment obesity	1 OW		2 -		3 -		4 III			4 OW		0 III			1I I				2 II	3I I	5 III	2 II
				Psychiatric	Diagnosis	(DSM-IV)	Negative		Negative		Negative		M a j o r	depressive	episode	Negative		OCD			OCD	agoraphobia			Negative	Generalized	anxiety	Dysthymia	Negative
				Verbal	HD memory	localization VIQ (index)	H + Bo 69 72		H + Bo 74 88		H + Bo 80 74		H6 99 2			H 101 106		H + Bo MD MD	(severe	MR)	H 67 105				H + Bo + T 100 100	H + Bo 74 MD	H + Bo 105 MD	H + Bo 69 63
	Abnormal	orientation and	length of the	collateral	sulcus	(abnormal: +)	L+		R+/L+		R+/L+		L+			R+/L+		R+/L+			R+/L+				R+/L+	R+/L+	R+/L+	R+/L+
		Internal	structures	non-visible	(non-visible:	+; visible: -)	L+		R+/L+		R+/L+		L+			R+/L+		R+/L+			R+/L-				R+/L+	R+/L+	R+/L+	R+/L+
			Orientation	anomaly	(vertical: +;	no: -)	L+		R+/L+		R+/L+		L-			R+/L+		R+/L+			R+/L-				R+/L+	R+/L+	R+/L+	R-/L+
			Form	anomaly	(pyramidal	or round)	L+		R+/L+		R+/R+		L+			R+/L+		R+/L+			R+/L-				R+/L+	R+/L+	R+/L+	R+/L+
				Positional	anomaly	HD (medial)	UL L+		Bil R+/L+		Bil R+/L-		UL L+			Bil R+/L+		Bil R+/L+			Bil R-/L-				Bil R+/L+	Bil R+/L+	Bil R+/L+	Bil R+/L+
						Method	Di + Seq		Di + Seq		Di + Seq		Di + Seq			Di + Seq		DHPLC	+ s éq		SSCP	+ s éq			Mi + s éq/	QPMSF	S éq	S éq	S éq
						Mutation	M390R/	M390R	M390R/	M390R	M390R/	M390R	M390R/	M390R		M390R/	E549X	P134fsX200	L209fsX229		(429delCT	433delAG)	D143fsX148/	S479X	R278X/	del exon 9	C91fsX95/	c91fsX95	C91fsX95/	L348fsX360	T257fxX266/	T257fxX266
						Gene	BBS1		BBS1		BBS1		BBS1			BBS1		BBS2			BBS6				BBS9	BBS10	BBS10	BBS12
					Age and	sex	18, M		21, M		17, M		38, M			19, M		27, M			24, M				17, M	16, F	28, M	19, M	34, M
					Patient	number	1.07.15		1.07.10		1.4.c		1.16.25			6.02.04		1.05.07			1.11.20				1.08.12	4.02.02	1.06.06	1.13.22	5.02.07

  investigation methods[START_REF] Muller | Identification of 28 novel mutations in the Bardet-Biedl syndrome genes: the burden of private mutations in an extensively heterogeneous disease[END_REF]. The genotyping results for each patient and the method used are indicated in the Table1.

	Cognitive and psychiatric assessment
	Cognitive and psychiatric assessments were res-
	pectively conducted by one fully trained neu-
	ropsychologist (C. S.) and a senior psychiatrist
	(A. D.). Because of patients' visual disabili-
	ties only verbal testing was performed. Cogni-
	tive efficiency was tested with the verbal part
	of the Wechsler Adult Intellegency Scale Revised
	(WAIS-R) (12), and memory performances were
	evaluated by the verbal memory index (VMI)
	from the Wechsler Memory Scale Revised (WMS-
	R) (13). The levels of intelligence are divided as
	such according to the verbal intelligence quotient
	Imaging study
	Of our cohort of 34 patients, 26 patients (21 men, 5
	women, aged from 16 to 53 years old, mean 26.34)
	were enrolled in the imaging study and underwent
	a cerebral MRI examination (obesity was the main
	limitation for the non-enrolment in the MRI study
	as high body volume may not authorize the entry
	in the MRI). The examinations were performed
	with a 1 Tesla imager (Philips Medical System,
	Best, Holland). The following brain sequences
	were performed: sagittal and axial T2 SE-weighted
	MR images [repetition time (TR) = 3133 ms,
	echo time (TE) = 100 ms, field of view = 230
	mm for axial images and 270 mm for sagit-
	tal images, matrix = 256 × 192, 22 slices, slice

1 II Mild Genotype method: Asper, asper microarray; Bil, bilateral; CNS, centre national de s équenc ¸age; DHPLC, denaturing high performance liquid chromatography; Di, direct digestion; HD, hippocampal dysgenesis; QPMSF, quantitative multiplex PCR of Short fluorescent fragments; Seq, sequencing; UL, unilateral left. Localization: Bo, body; H, head; L, left; LB, legally blind; MD, missing data; MR, mental retardation; NA, Non Applicable; NO, no orientation anomaly; OW, overweight; R, right; T, tail. new (VIQ) score: VIQ < 69 mental deficiency, 70 < VIQ < 79 limited intelligence, 80 < VIQ < 89 normal weak intelligence, 90 < VIQ < 109 average intelligence, 110 < VIQ < 119 normal strong intelligence, 120 < VIQ < 129 superior intelligence, and VIQ > 130 very superior intelligence. The psychiatric assessment was performed with the mini version 4.4 (14) for a DSM-IV mental diagnosis implemented with the Yale-Brown Scale

[START_REF] Goodman | The Yale-Brown Obsessive Compulsive Scale I. Development, use, and reliability[END_REF][START_REF] Goodman | Yale-Brown Obsessive-Compulsive Scale, II: validity[END_REF] 

to assess the presence of obsessive-compulsive disorder (OCD) as defined by a score over 16

[START_REF] Shear | Anxiety disorders measures. Task Force for the Handbook of Psychiatric Measures, Editor, Handbook of psychiatric measures[END_REF]

. Behavioral and psychomotor characteristics such as the quality of contact with the patient, the presence or absence of slow motion, slow ideation, reticence and impulsivity were also evaluated by A. D. thickness = 5 mm, gap = 1 mm], and coronal T2 SE-weighted MR images acquired perpendicular to the plane of the temporal lobe (TR = 3133 ms, TE = 100 ms, field of view = 230 mm, matrix = 256 × 192, 22 slices, slice thickness = 4 mm, gap = 1 mm).

Table 2 .

 2 Psychiatric diagnosis according to the DSM-IV (MINI version 4.4)

	Psychiatric diagnosis	n	Percentage
	Major depressive episodes	3	11.54
	Dysthymia	2	7.69
	Agoraphobia	3	11.54
	OCD	2	7.7
	Generalized anxiety	3	11.54
	Psychotic syndrome	1	3.85
	Bulimia	1	3.85
	Suicidal risk	1	3.85
	No symptomatology	17	65.38
	Number of patients	26	-
	mRNA expression of BBS proteins in the human brain