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Introduction

Amyotrophic lateral sclerosis (ALS) is characterized by degeneration of upper and lower motor neurons. The aetiology of ALS is still unknown, but different hypotheses have been suggested such as defect of superoxide dismutase gene (1), autoimmunity (2) or neuronal destruction related to glutamate excitotoxicity (3-5). Thus, ALS is a multifactorial disease in which environmental factors (6) may have a role, including viral infections.

Motor neuron disease has been related to picornavirus infections. Among these viruses, poliovirus is responsible for poliomyelitis and the subsequent post-polio syndrome (7). Other picornaviruses of the enterovirus (EV) genus have been involved in acute infections leading to chronic diseases, in conjunction with their ability to develop pseudo-autoimmune response, or persistence in infected cells in a limited number of patients (8,9). These EVs are responsible for mild infections that are mainly aseptic meningi-1 to the centre. The fi nal diagnosis was further confi rmed by long-term follow-up. Thereafter, only patients with probable or certain ALS diagnosis were retained and, thus, patients whose diagnosis was not confi rmed were excluded from the initial group of ALS patients. These non-ALS patients corresponded mostly to motor neuropathy with conduction block, pure lower motor neuron syndrome, spinal muscular atrophy or other peripheral neuropathies. These patients were subsequently included in the control group. From the initial cohort of 318 patients, 242 were confi rmed as ALS patients with probable or certain diagnosis, at long-term follow-up.

The control group (non-ALS patients) included: acute headache with normal lumbar puncture, hydrocephalus, brain tumour, central nervous system traumatism with loss of consciousness, cerebral haemorrhage (complication of chronic hypertension or vascular malformation with hospitalization in critical care or neurosurgical unit, without diagnosis of haemorrhagic encephalitis) and non-ALS peripheral neuropathies. Exclusion criteria were infectious, neurodegenerative and central infl ammatory diseases (such as multiple sclerosis). The control group had well established diagnosis, without any borderline forms with ALS. We excluded neurodegenerative diseases to avoid confounding factors such as borderline forms and associated forms between ALS and extrapyramidal syndrome or dementia. Control CSF samples were all collected in Lyon at the Pierre Wertheimer Neurological Hospital since no geographical differences in EV infection frequency have been reported in France (19). CSF sampling was peri-operative for the brain tumour control group. Furthermore, patients' and controls' CSF samples were collected with the same seasonal distribution regarding the epidemiological features of EV infections (from April to October) (19).

After lumbar puncture, the CSF was collected in a sterile tube prepared specifi cally for that purpose. CSF samples for ALS patients and controls were frozen at -20°C and then sent in dry ice to the Laboratory of Virology of Lyon University for further analysis as soon as they were obtained. Patients' and controls' CSF specimens were then handled anonymously. At the Laboratory of Virology, they were kept at -80°C until they were analysed. All of the CSF samples (ALS and controls) were defrosted only once for analysis. Three hundred and fi fty-four controls collected from August 2003 to July 2004 were tested for EV within the year. ALS CSF samples were collected from 1997 to 2002 and concurrently analysed with controls (ALS and controls CSF were tested within the same RT-PCR runs after a blinding procedure) from July to November 2004. The RT-PCR method used for this study corresponded to the diagnosis procedure current at this time in the Laboratory of Virology of Lyon University. All of the RT-PCR tests were specifi cally performed by two technicians of the laboratory. tis, with annual epidemics in temperate countries. However, EV is also responsible for severe epidemics with life-threatening diseases (e.g. EV71) (10).

Recent studies have provided in vitro data suggesting the development of chronic EV or poliovirus infection in human CNS cells, suggesting that EV can be responsible for persistent infections in the CNS (11,12). In the case of ALS, a persistent virus in the CNS could act as a potential additional causal factor in the development of this disease. This hypothesis is supported by in vitro studies showing that EV persistent infection has a major impact on the infected cell, including altered astrocytic glutamate transporter (EAAT-2), mitochondrial MnSOD activity and resistance to oxidative stress (4,5). These factors have been reported in ALS patients (13).

Recent post mortem studies assessing a relationship between ALS and EV infection showed contradictory results using various kinds of tissues (brain, spinal cord, fi xed or frozen material) (14-17). Collection of post mortem spinal cord tissue is of limited access. In addition, viral detection in such material can be impaired due to tissue necrosis. CSF is the best surrogate for spinal cord tissue for the detection of an infectious agent putatively involved in a neurological disorder. Moreover, CSF sampling can be easily performed in vivo at the time of the diagnosis. To better determine the role of EV infection in ALS, we therefore performed a French multicentre study aimed at detecting by RT-PCR the presence of EV RNA in the CSF from a large cohort of ALS patients and controls.

Patients and methods

ALS patients and controls

CSF sampling in ALS cases was performed as part of the diagnosis procedure. Patients and controls were informed that further research analysis could be performed on the CSF sample. The consent form specifi ed that research used molecular genetics and could take several years before results might be available and that all information regarding the patient was handled anonymously.

The following clinical parameters were recorded for each patient: age, sex, initial clinical presentation, duration between onset and, respectively -diagnosis, CSF sampling and death, sporadic or familial form. The familial forms presented with two or three ALS cases in the same family (within relatives of fi rst and second degree). All these patients were negative for SOD1 mutation.

CSF specimens were collected from ALS patients between 1997 and 2002 according to the revised El Escorial criteria (18). All patients were admitted for hospitalization in one of the seven participating ALS centres representing the main geographical areas of France. Patients' inclusion was considered on the basis of possible or suspected ALS when addressed 2

RNA extraction and RT-PCR

RNA was extracted using the Tri-reagent method (Sigma Aldrich, France) according to the manufacturer's instructions. Each air-dried RNA pellet was reconstituted in a reaction mixture containing 1 μM of EV specifi c primer RT-EV (5′-CACT/CGGATG-GCC-3′, position 760 to 771) for reverse transcription. The cDNA was then subjected to PCR with primers that recognize the 5′ non-translated region of all known EV: EV-NC1 (5′-CTCCGGCCCCT-GAATGCG-3′, position 572-590) and EV3 (5′-ATTGTCACCATAA GCAGCCA-3′, position 707-726) as previously described ( 19).Ten μl of the PCR products was subjected to electrophoresis in an agarose gel to observe a band of 154 bp consistent with EV. The RT-PCR assay we used was efficient in detecting viral RNA in the CSF because of a high sensitivity estimated at 3-10 RNA copies by sample (20). The sensitivity and specifi city of this technique has been favourably evaluated in the various QCMD programs. Control of positive detection was systematically carried out. A second extraction of the CSF was performed, and a new RT-PCR run was carried out using the same procedure. Discrepant results were controlled a third time. Hence, a positive result consisted of two positive RT-PCR reactions obtained from two totally independent RT-PCR tests carried out on two independent RNA extractions from the same CSF.

To avoid putative contamination by carry-over of amplicons, the extraction, sample mix, PCR and gels were performed in different technical rooms. Moreover, one negative control was tested every fi ve specimens, and a run was considered as non-interpretable if one negative control was positive.

Statistical analysis

Student's t-tests for continuous covariates and Pearson's 2 tests were used to compare the characteristics between controls and ALS patients, and a Pearson's 2 test was used to compare the proportion of patients being positive for CSF EV RT-PCR. A second test, Fisher's exact test for m x 2 contingency table was used to test the difference in EV RNA detection between the m control groups for more accuracy in small groups. Log-rank tests were used to study the survival of ALS patients according to initial clinical form. Differences were considered as signifi cant when p Ͻ0.05. Data analyses were made using R version 2.6.1 (The R Foundation for Statistical Computing).

Results

Among the 242 patients with confi rmed ALS, 156 were males and 86 females. Of these patients, 231 were deceased at the time of fi nal study analysis. The initial form was spinal in 174 patients (99, lower limbs; 75, upper limbs), bulbar in 63 patients and undetermined in fi ve patients. Fifteen patients presented with a familial form, 227 were sporadic. Mean age at diagnosis was 58.9 Ϯ 12.4 (SD) years and mean duration from onset to diagnosis was 12.9 Ϯ 19.1 months and from onset to CSF sampling was 10.5 Ϯ 18.3 months. Mean age at CSF sampling was 58.4 years Ϯ 12.2 years. Mean duration from onset to death was 38.8 Ϯ 29.4 months in the 231 deceased patients. Mean survival time was 50.8 Ϯ 7.6 months for spinal lower limbs forms, 54.2 Ϯ 5.7 months for spinal upper limbs forms and 33.5 Ϯ 2.4 months for bulbar forms. There was a signifi cant difference in survival between spinal and bulbar initial forms (p ϭ 0.01, log-rank test).

CSF from 354 controls was collected (212 males/142 females; mean age 56.6 ± 15.8 years). There was no statistical signifi cance between group differences for age and sex (t-test). CSF parameters (protein level and cellular count) were within normal range for ALS patients and the control population.

35/242 (14.5%) ALS patients were positive for CSF EV RT-PCR, compared to 27/354 (7.6%) controls ( 2 value, 5.31; p ϭ 0.02). There was no signifi cant relationship among ALS patients between the initial clinical form, age or sex and the result of the RT-PCR (Table I). None of the familial ALS forms was positive for EV RT-PCR. Positive or negative RT-PCR results had no signifi cant effect on ALS patients' survival (Table I). 

Discussion

The major fi nding of this study is a statistically signifi cant higher detection of EV sequences in CSF of ALS patients compared to controls. One of the most important issues in this study is the accuracy of the clinical diagnosis of ALS. To this end, we decided to perform a long-term follow-up (fi ve years or more), which allowed us to more precisely assess the diagnosis of probable or certain ALS according to the El Escorial criteria ( 19). The epidemiological and clinical profi les of our ALS patients were comparable with those of the general ALS population data available in the literature.

EVs are endemic worldwide. They are present in temperate climates at low levels in winter and spring but can be responsible for epidemics in summer and autumn. Consistent with these data, our surveillance in France showed a seasonal pattern of distribution, with the circulation of EV peaking in summer and slowly decreasing in the early autumn. This refers to the years 2000-2004 (20). This reported pattern is identical to the survey records from the years [START_REF] Destombes | Persistent poliovirus infection in mouse motor neurons[END_REF]-2000and 2004-2007 (Lina, unpublished data) (Lina, unpublished data). With reference to this pattern of circulation of EV, our study did not show a seasonal effect in the positive detection of RNA sequences both in ALS and in control populations.

The EV generic RT-PCR we used for this study detects the highly conserved 5′ NTR region of the viral genome. This conserved region cannot be used to identify the EV serotype detected. With this technique we detected EV RNA sequences in 14.5% of proven ALS cases. Conversely, 7.6% of positive RNA detection was also observed in the CSF of controls.

Table II presents the number and percentage of positive EV genome detection among the different control subgroups. There was no statistical difference in EV RNA detection between the different control groups (p ϭ 0.91, Fisher's exact test).

Figure 1 shows the seasonal distribution of the percentage of positive EV detection in ALS patients and in controls. This demonstrates that the percentage of positive CSF samples is higher in ALS whatever the season and is independent from a seasonal effect. Each positive EV RT-PCR in a CSF sample has been checked twice. Thus, all of the 63 initial positive EV detections (ALS patients and controls) were reanalysed: 6.3% of them (n ϭ 4 CSF samples corresponding to one ALS patient and three controls) showed discrepant results (negative result after reanalysis). They were thus tested a third time. Finally, only one initially positive result for a control was considered as negative because of two successive negative reanalyses (1.6%), giving a total of 62 positives. of the expression of mitochondrial manganese superoxide dismutase (mnSOD), leading to vulnerability to oxidative stress. This vulnerability resulted in progressive cell death, analogous to that observed in neurodegenerative diseases. The present fi ndings do not allow to test in daily practice patients' susceptibility to develop ALS by assessing CSF samples for EV, because of the relatively high percentage of positive fi ndings in controls. Ideally, combined detection of EV in spinal cord and CSF samples in the same patient is required. This was not applicable in this study. Nevertheless, our study suggests that the presence of EV RNA in the CSF of ALS patients may be one factor, among others, of this illness. Similarly, when considering genetic factors in ALS, specifi c mutations are found only in a small number of familial and sporadic cases (24)(25)(26). The small number of familial ALS patients does not allow us to draw conclusions on the EV RT-PCR results in this specifi c group.

EV infection gives sensibility to the pathology in a subgroup of patients in our study, with characteristics that still need to be determined. In our study, we have not found clinical particularities in the positive EV genome detection group as initial clinical presentation, duration of disease between onset and diagnosis or between fi rst sign and death. We did not look for other factors such as lower versus upper motor neuron involvement. At the present time, even though our fi ndings are consistent with an environmental factor that is distinct from the genetic causes already mentioned, the aetiology of ALS still remains undetermined in the majority of cases. Such observation can be drawn in other neurodegenerative diseases such as Parkinson's disease.

This was much higher than expected. This positive detection in both groups was not linked to any obvious acute ongoing infection of the CNS. This high level of detection in the control group may have at least two explanations.

First, although EVs are among the most common viruses found in humans with a high tropism for the CNS, they can be responsible for asymptomatic infections. Their detection could refl ect asymptomatic infections in the CSF of patients.

Secondly, carry-over of PCR products can result in contamination of the specimens. This contamination cannot be ruled out in the present study. In the control patients with a positive detection, only a small amount of PCR product was detected; this amount of product precluded sequencing that would have been very informative to assess for/against contamination. Since no real-time RT-PCR has been conducted, we could not compare the viral load between ALS and control CSFs -this would also have been very informative. Overall, further research with the use of real-time PCR with typing capacities is needed to clarify this point.

As stressed above, EVs are known for their high tropism for motor neurons (i.e. poliovirus, enterovirus 71). Recent data confi rm that these viruses can be responsible for chronic disorders whose mechanisms remain to be deciphered (21). Regarding motor neuron diseases, several studies found poliovirus in CSF of patients with post-poliomyelitis syndrome suggesting the virus's ability to initiate persistent infection of the CNS (22). This result was supported by recent studies using permissive transgenic mice, mixed brain cultures and neuron cultures that showed that chronic poliovirus infection can induce cell-specifi c effects with subsequent neuronal apoptosis (22).

In ALS, several studies with EV-specifi c RT-PCR were performed on post mortem CNS tissues (14)(15)(16)(17). Some demonstrated a high rate of detection of EV in ALS cases compared to controls, but not others. The retrospective testing of archived tissues, the different techniques used for collection, fi xation, storage, tissue sampling, RT-PCR and the lack of internal controls could explain differences in the results reported. In one of our previous studies, echovirus 6 related sequences (a subtype of EV) were detected in spinal cord of ALS patients (5). To support a putative EV chronic infection, we subsequently developed an in vitro model of echovirus 6 chronic infection in a human glial precursor cell line (12). In this cell line, echovirus 6 chronic infection was responsible for a reduction of glutamate uptake by the cell due to a lack of EAAT2 protein expression, as described in ALS patients (5). Hence, there is some evidence for a putative link between EV chronic infection and the glutamate-mediated excitotoxicity for motor neurons observed during ALS. Furthermore, in our in vitro study, the cells chronically infected by an EV had a dramatic down-regulation

Figure 1 .

 1 Figure 1. Positive EV RNA genome detection per quadrimester.

Table I .

 I Clinical profi le of ALS patients according to RT-PCR results.

		RT-PCR+	RT-PCR-	
	ALS	35/242 cases	207/242 cases	p-value
	Mean age ± SD (years) at CSF sampling	58.7 Ϯ 15.42	58.40 Ϯ 15.22	0.64
	Sex ratio (M/F)	23/12	133/74	1.00
	Initial ALS form * :			
	No. of spinal lower limbs onset	14	85	0.38
	No. of spinal upper limbs onset	8	67	0.38
	No. of bulbar onset	12	51	0.47
	Mean disease duration Ϯ SD (months):			
	from onset to diagnosis	13.88 Ϯ 31.67	9.97 Ϯ 14.83	0.48
	from onset to death	36.53 Ϯ 4.11	29.40 Ϯ 1.75	0.58

SD, standard deviation; M, male; F, female; No., number. * The initial form was undetermined in fi ve patients (one patient in the RT-PCR+ group, four patients in the RT-PCR-group).

Table II .

 II Enterovirus genome detection among the different control subgroups.

	CSF controls	RT-PCRϩ
	Acute headache	4/38 (10.5%)
	Hydrocephalus	4/44 (9.1%)
	Brain tumour	6/90 (6.7%)
	Central nervous system traumatism	5/57 (8.8%)
	with loss of consciousness	
	Cerebral haemorrhage	3/58 (5.2%)
	Non-ALS peripheral neuropathies	5/68 (7.3%)
	Total	27/354 (7.6%)
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