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Abstract

Premutation carriers of the FMR1 gene (CGG repeats between 55 and 200) usually have normal 

intellectual abilities but approximately 20% are diagnosed with developmental problems or autism 

spectrum disorder. Additionally, close to 50% have psychiatric problems such as anxiety, ADHD 

and/or depression. The spectrum of fragile X disorders also includes Fragile-X-associated primary 

ovarian insufficiency (FXPOI) in female carriers and Fragile-X-associated tremor/ataxia syndrome 

(FXTAS) in older male and female carriers.
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We evaluated 25 premutation carriers in the rural community of Ricaurte Colombia and 

documented all behavioral problems, social deficits and clinical signs of FXPOI and FXTAS as 

well as reviewed the medical and obstetric history.

We found an increased frequency and severity of symptoms of fragile X spectrum disorders, which 

might be related to the vulnerability of FMR1 premutation carriers to higher exposure to 

neurotoxic pesticides in this rural community.
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Introduction

Fragile X syndrome (FXS) is a disease of genetic origin that has a prevalence of 1:5000 men 

and 1:4000–8000 women, while the prevalence of carrying the premutation is estimated at 

1:400–850 males and 1 in 150–300 females 1–3. Inherited through the X chromosome, FXS 

is caused by the unstable expansion of the CGG triplet in the gene Fragile X Mental 

Retardation 1 (FMR1). Among individuals with the full mutation of FMR1 (> 200 CGG 

repeats), 60% of males are diagnosed with Autism Spectrum Disorders (ASD), and almost 

all males and 30% of females have intellectual disability (ID) 4. Female carriers of the 

premutation (CGG repeats between 55 and 200) can pass the mutation to 50% of their 

offspring, although in many cases, offspring experience expansion of the CGG repeats to the 

full mutation resulting in FXS. Children with the premutation usually have normal 

intellectual abilities but approximately 20% are diagnosed with developmental problems or 

autism spectrum disorder (ASD), which are part of the spectrum of fragile X disorders 

(FXSD) 5,6. Psychiatric problems such as anxiety, ADHD and/or depression are present in 

approximately 50% of children and adults with the premutation 5,7–9.

Additional disorders included in FXSD include Fragile-X-associated primary ovarian 

insufficiency (FXPOI), characterized by infertility and menopause prior to age 40, which 

occurs in approximately 20% of female carriers 10,11; in contrast, premature ovarian 

insufficiency (POI) is observed in 1% of the general population 12. In addition, 12.6% of 

female FMR1 premutation carriers without FXPOI have difficulty getting pregnant 13. 

Fragile-X-associated tremor ataxia syndrome (FXTAS) is a neurodegenerative disorder that 

occurs in some older carriers and involves an intention tremor and cerebellar ataxia. FXTAS 

was originally described in male carriers of the premutation who were older than 50 years 
14. Later it was found to affect approximately 40% of males but also female premutation 

carriers with a penetrance of 16% 15–17. Seizures occur in less than 1% of female 

premutation carriers and approximately 8–14% of male premutation carriers 18,19.

Experimental studies have revealed that premutation neurons from the knock-in mouse die 

more readily in cell culture compared to neurons without the premutation20, an observation 

that has given rise to the hypothesis that FMR1 premutation increases the vulnerability of 

neurons to environmental toxins 21. Neurological deterioration in patients with FMR1 
premutation has been associated with exposure to many environmental toxins, including 
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chemotherapeutic agents 22, anesthetics23, substance abuse of opioids and or alcohol 24–26, 

and perhaps phenobarbital 27.

Ricaurte, a small town in Valle del Cauca, province of Colombia, has severe economic 

limitations. The base of the economy is agriculture and cattle raising, which are practiced 

without the aid of industrial equipment and often under precarious working conditions. 

Ricaurte, population of less than 1,500 people, has a cluster of FXS, with 1:19 men and 1:46 

women carrying the full mutation, and 1:85 men and 1:25 women carrying the 

premutation28. We evaluated all premutation carriers to assess the frequency and severity of 

FXSD including FXTAS, FXPOI, seizures and behavioral problems.

Materials and Methods

This study was conducted from January, 2016 to May, 2016. The protocol was reviewed and 

approved by the Institutional Review Board (IRB) of the School of Health of Universidad 

del Valle (Cali, Colombia). We evaluated all premutation carriers, 20 women and 5 men, age 

range between 11 months and 83 years, all of whom are of Hispanic ethnicity. To be 

included in the study subjects had to be a native of Ricaurte, Colombia and diagnosed as 

being a premutation carrier using polymerase chain reaction (PCR) and Southern blot to 

quantify the number of CGG repeats in the FMR1 gene28. All patients signed an informed 

consent authorizing an in-depth review of their clinical history including medical problems 

and reproductive issues as well as a physical evaluation that included the use of standardized 

rating scales and interview-based measures, specifically, the Scale for the Assessment and 

Rating of Ataxia (SARA)29, and the Fahn-Tolosa-Marín Clinical Rating Scale for Tremor 

(FTM)30 to assess neurological findings during the exam of those carriers older than 50 

years of age (n=14). SARA is a valid clinical rating scale administered by the physician that 

has proven to be significantly correlated with results obtained using the International 

Cooperative Ataxia Rating Scale (ICARS)31 and the Modified Barthel Index (MBI)32,33. 

FTM is the most commonly used scale to evaluate essential tremor; it assesses postural, 

kinetic and rest tremor34. General mental status was measured by the raw total score on the 

Mini Mental State Exam (MMSE)35 and the Short Test of Mental Status (STMS)36,37 was 

used to explore mild cognitive impairment; however, the calculation subpart was left out 

since most of the older participants did not have the educational level required to perform 

the tasks. Executive abilities were evaluated with the Behavioral Dyscontrol Scale 

(BDS)38,39. BDS was previously used to report dysexecutive syndrome in carrier males with 

FXTAS40.

All carriers were also evaluated for behavioral problems including anxiety and depression, 

as well as social deficits, including social anxiety, as determined using the Generalized 

Anxiety Disorder 7 (GAD-7) scale 41, the Mayor Depression Inventory (MDI) 42 and, the 

Brief Fear of Negative Evaluation (BFNE) scale 43, respectively. GAD-7 measures severity 

of anxiety, it has an overall sensibility of 89% and specificity of 82%41,44; MDI is a self-

report mood questionnaire developed by the WHO, and BFNE is a self-report questionnaire 

that measures the cognitive component of social anxiety45,46. Despite being self-report 

questionnaires, all surveys were administered by the physician as interview-based measures 

in order to overcome the educational barrier encountered with most of the participants. 
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Further explanation was offered when needed. In the case of one participant who had 

mutism and ID, the assessments were answered by her sister. One participant, who was an 

infant, was excluded from the assessment. We did not measure IQ since most premutation 

carriers have normal IQ 21,47,48.

Results

FXTAS

All of the female premutation carriers in the study population were evaluated (n= 20). 

Twelve of them (60%) were 50 years of age or older. These twelve patients underwent a 

further clinical evaluation, including a neurological examination, using SARA and FTM to 

assess the presence and severity of ataxia and tremor. Two subjects (16.6%) had ataxia and 

two (16.6%) had tremor; none had both. Out of the 5 male carriers, two were over 50 years 

old; one had a distal tremor without ataxia and the other had no tremor or ataxia, but 

presented with executive dysfunction, which is a FXTAS-associated cognitive deficit 40,49 

(see Table 1).

FXPOI

Sixteen (80%) out of the twenty female premutation carriers were older than 40 years of age, 

and were asked to answer a questionnaire regarding gynecological and reproductive issues 

including infertility and early menopause. Three (18.7%) had absence of their menstrual 

cycle for more than a year before reaching 40 years, which meets the absolute criterion of 

FXPOI. Of the three women who met this criterion, one has two sons affected with FXS, one 

has three children, one of whom is a carrier of the premutation allele, and the third has no 

children. In addition, from the remaining 13 premutation carriers older than 40 years of age, 

one woman underwent hysterectomy at 35 years old due to persistent vaginal bleeding 

associated with perimenopause symptoms (headache, hot flashes, mood swings) and three 

others had a gravida 0, para 0 (G0P0) obstetric history despite having a sexual partner and 

seeking reproduction by natural methods. Therefore a total of four women (25%) had 

findings suggestive of ovarian insufficiency (abnormal bleeding and reproductive issues) in 

addition to the 3 women with FXPOI (see Table 1).

Seizures

Five (25%) out of twenty female premutation carriers presented with seizures, most of them 

since childhood, with poor control and noticeable cognitive decline. Two of them also 

presented symptoms of FXTAS before age 50; one with cerebellar atrophy and one with 

cerebral atrophy reported on clinical MRI 27. Four of the five subjects with seizures had 

concomitant symptoms of ovary insufficiency (see Table 1).

Cognition and behavioral problems

Two female and one male premutation carrier presented with cognitive deficits. Of these 

three, one presented with lifelong mutism, another one with intellectual disability and the 

third with executive dysfunction (deficit in behavioral self-regulation); one of the females 

and the male also presented with moderate to severe anxiety. Of the 25 subjects in the study, 

6 individuals (24%) were experiencing symptoms of general and social anxiety at the time of 
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their medical evaluation, which was untreated because these symptoms are not identified by 

the patients as a medical problem that they brought to the attention of a physician.

Discussion

In Ricaurte, the frequency and severity of symptoms of FXTAS, FXPOI and seizures in 

carriers of the FMR1 premutation are higher than those reported in the literature 16,17,21.

We found that in male and female carriers, 50% and 33.3% respectively, of those older than 

50 years of age presented symptoms and clinical signs suggestive of FXTAS. Patients with 

tremor and ataxia had an early onset of symptoms and severity, none of them reported a 

history of exposure to chronic use of opioids and/or alcohol or general anesthesia; however, 

all of these carriers worked in agriculture, either in the fields or in their home gardens since 

childhood, as ascertained from the medical history. We also found that 18.7% of the women 

who were carriers had FXPOI and 25% of the women without FXPOI had findings 

suggestive of ovarian insufficiency (see Table 1).

Overexpression of FMR1 mRNA leading to RNA toxicity is thought to be the cause for most 

clinical problems associated with the FMR1 premutation 21,49. Neurotoxic effects of 

elevated cellular FMR1 mRNA levels leads to sequestration of important proteins for 

neuronal function, calcium dysregulation, mitochondrial dysfunction, impaired DNA 

damage repair and formation of intranuclear inclusions in the brain of premutation carriers 

with FXTAS 49,50. Mitochondrial dysfunction and increased oxidative stress are also 

observed in brain and tissue samples of premutation carriers both with and without FXTAS 
51. These deficits predispose premutation neurons to early death compared to neurons 

without the premutation20. Furthermore, the mitochondrial deficits and calcium 

dysregulation in premutation neurons leads to excessive spike discharges and greater 

vulnerability to toxic environmental contaminants that converge on these same pathways of 

neurotoxicity, thereby exacerbating neurological symptoms and contributing to increased 

penetrance of seizures, and symptoms of FXTAS and FXPOI, the latter problem related to 

toxicity directly to the ovary 27,52,53.

The relationship between male carriers and seizures has been described in children. Bailey 

and colleagues 18 conducted a National Parental Survey to assess co-occurring conditions in 

patients with full mutation and premutation and found that 14% of males (8 out of 57 

premutation carriers) reported seizures while 1.2% of male controls without the premutation 

reported seizures. Also, Chonchaiya and colleagues 19 found an increased prevalence of 

seizures among young premutation boys with co-morbid ASD: 1 out of 26 subjects without 

ASD had seizures (3.85%), whereas 6 out of 24 subjects with ASD had seizures (25%). In 

female carriers of the premutation, seizures have been described as a rare co-occurring 

condition: in the National ParentalSurvey,seizureswereobserved in 0.5% (1 out of 199) of 

female premutation carriers and 1.7% of female controls 18.

In Ricaurte, among the women with premutation, 25% (5/20) had seizures, two of them were 

sisters and the other three were relatives in the fourth degree of consanguinity; all five had a 

common ancestor. possible explanation for the origin of the seizures in these five women 
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could be a second genetic hit; however, the two sisters previously had a genome-wide 

assessment of 2,391,739 SNPs18 to assess copy number variants (CNVs), and no disease-

associated CNVs were found 27. Two of the women also fulfilled the clinical and 

radiological criteria of FXTAS and an additional one had ASD (see Table 1).

Ricaurte is a small rural town where the base of the economy is agriculture, and the 

inhabitants are exposed to pesticides through their work in the fields, the common practice 

of storing pesticides inside their homes and/or contact with contaminated water or food. The 

most commonly used pesticides in the fields include neonicotinoids, avermectins, 

organophosphorus compounds and pyrethroids54. An association of these neurotoxic 

environmental contaminants with the exacerbation of neurological deterioration in FMR1 
premutation carriers has yet to be described; however, this possibility is supported by 

experimental evidence demonstrating that these pesticides converge on pathways of 

neurotoxicity inherent in premutation neurons. Specifically, there is evidence that these 

classes of pesticides can interfere with neuronal morphogenesis 55–57, alter axonal and 

mitochondrial transport 58–60, dysregulate calcium signaling in neurons 61,62, induce 

neuronal apoptosis 63–65 or inhibit GABA activity 66. Thus, expression of the FMR1 
premutation likely confers increased vulnerability to pesticide neurotoxicity, and interactions 

between this genetic vulnerability and these pesticides would be predicted to amplify the 

neurotoxic effects of either factor alone. If true, then exposure to neurotoxic pesticides could 

explain the increased frequency and severity of sclinical symptoms of FXTAS, FXPOI and 

seizures in carriers of the FMR1 premutation in this rural population.

Conclusion

The identification of specific environmental factors that interact with the FMR1 premutation 

is warranted since it would enable the development of interventions that would lower the 

incidence and severity of clinical symptoms. This information may also provide useful 

insight in identifying genetic subgroups in the population that are more vulnerable to 

pollution. This should hopefully lead to better laws to protect the general population from 

this type of pollution.

Acknowledgments

Funding: This research was supported by the National Institute of Child Health and Human Development (grants 
R01 HD036071and U54 HD079125), the National Institute of Environmental Health Sciences (grant P01 
ES011269), the Environmental Protection Agency (grant R83543201), and the Universidad del Valle (grant 1771). 
The contents of this work are solely the responsibility of the grantee and do not necessarily represent the official 
views of the USEPA or NIEHS. Further, the USEPA and NIEHS do not endorse the purchase of any commercial 
products or services mentioned in the publication.

References

1. Seltzer MM, Baker MW, Hong J, Maenner M, Greenberg J, Mandel D. Prevalence of CGG 
expansions of the FMR1 gene in aUSpopulation-basedsample.Am J Med Genet Part B 
Neuropsychiatr Genet 2012;159 B(5):589–597. doi:10.1002/ajmg.b.32065.

2. Hunter J, Rivero-Arias O, Angelov A, Kim E, Fotheringham I, Leal J. Epidemiology of fragile X 
syndrome: A systematic review and meta-analysis. Am J Med Genet Part 2014;164(7):1648–1658.

Saldarriaga et al. Page 6

Int J Dev Neurosci. Author manuscript; available in PMC 2020 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



3. Tassone F, Iong KP, Tong T-H, et al. FMR1 CGG allele size and prevalence ascertained through 
newborn screening in the United States. Genome Med 2012;4(12):100. doi:10.1186/gm401. 
[PubMed: 23259642] 

4. Saldarriaga W, Tassone F, González-Teshima LY, Forero-Forero JV, Ayala-Zapata S, Hagerman R. 
Fragile X syndrome. Colomb médica (Cali, Colomb 2014;45(4):190–198. doi:10.1002/ajmg.c.
30062.

5. Farzin F, Perry H, Hessl D, et al. Autism Spectrum Disorders and Attention-Deficit / Hyperactivity 
Disorder in Boys with the Fragile X Premutation. Dev Behav Pediatr 2006;27(2):137–144. doi:
10.1097/00004703-200604002-00012.

6. Lozano R, Rosero CA, Hagerman RJ. Fragile X spectrum disorders. Intractable Rare Dis Res 
2014;3(4):134–146. doi:10.5582/irdr.2014.01022. [PubMed: 25606363] 

7. Bourgeois JA, Seritan AL, Casillas EM, et al. Lifetime prevalence of mood and anxiety disorders in 
fragile X premutation carriers. J Clin Psychiatry 2011;72(2):175–182. doi:10.4088/JCP.
09m05407blu. [PubMed: 20816038] 

8. Cordeiro L, Abucayan F, Hagerman R, Tassone F, Hessl D. Anxiety disorders in fragile X 
premutation carriers: Preliminary characterization of probands and non-probands. Intractable Rare 
Dis Res 2015;4(3):123–130. doi:10.5582/irdr.2015.01029. [PubMed: 26361563] 

9. Klusek J, LaFauci G, Adayev T, Brown WT, Tassone F, Roberts JE. Reduced vagal tone in women 
with the FMR1 premutation is associated with FMR1 mRNA but not depression or anxiety. J 
Neurodev Disord 2017;9(1):16. doi:10.1186/s11689-017-9197-6. [PubMed: 28469730] 

10. Cronister A, Schreiner R, Wittenberger M, Amiri K, Harris K, Hagerman RJ. Heterozygous fragile 
X female: Historical, physical, cognitive, and cytogenetic features. In: American Journal of 
Medical Genetics Vol 38; 1991:269–274. doi:10.1002/ajmg.1320380221. [PubMed: 2018071] 

11. Sullivan S, Welt C, Sherman S. F R1 and the Continuum of Primary Ovarian 
Insufficiency.SeminReprodMed2011;29(04):299–307. doi:10.1055/s-0031-1280915.

12. Sherman SL. Premature ovarian failure in the fragile X syndrome. Am J Med Genet 2000;97(3):
189–194. doi:10.1002/1096-8628(200023)97:3<189::AID-AJMG1036>3.0.CO;2-J. [PubMed: 
11449487] 

13. Wheeler, Raspa M, Green A, et al. Health and reproductive experiences of women with an FMR1 
premutation with and without fragile X premature ovarian insufficiency. Front Genet 2014;5:300. 
doi:10.3389/fgene.2014.00300. [PubMed: 25250044] 

14. Hagerman RJ, Leehey M, Heinrichs W, et al. Intention tremor, parkinsonism, and generalized brain 
atrophy in male carriers of fragile X. Neurology 2001;57(1):127–130. doi:10.1212/WNL.58.6.987-
a. [PubMed: 11445641] 

15. Hall DD a, O’keefe JJ a. Fragile x-associated tremor ataxia syndrome: the expanding clinical 
picture, pathophysiology, epidemiology, and update on treatment. Tremor Other Hyperkinet Mov 
(N Y) 2012;2:1–11. http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3570061/\nhttp://
www.pubmedcentral.nih.gov/articlerender.fcgi?
artid=3570061&tool=pmcentrez&rendertype=abstract.

16. Rodriguez-Revenga L, Madrigal I, Pagonabarraga J, et al. Penetrance of FM 1 premutation 
associated pathologies in fragile X syndrome families. Eur J Hum Genet 2009;17(10):1359–1362. 
doi:10.1038/ejhg.2009.51. [PubMed: 19367323] 

17. Jacquemont S, Hagerman RJ, Leehey MA, et al. Penetrance of the fragile X-associated tremor/
ataxia syndrome in a premutation carrier population. Jama 2004;291(4):460–469. doi:10.1001/
jama.291.4.460. [PubMed: 14747503] 

18. Bailey DB, Raspa M, Olmsted M, Holiday DB. Co-occurring conditions associated with FMR1 
gene variations: Findings from a national parent survey. Am J Med Genet Part A 2008;146(16):
2060–2069. doi:10.1002/ajmg.a.32439.

19. Chonchaiya W, Au J, Schneider A, et al. Increased prevalence of seizures in boys who were 
probands with the FMR1 premutation and co-morbid autism spectrum disorder. Hum Genet 
2012;131(4):581–589. doi:10.1007/s00439-011-1106-6. [PubMed: 22001913] 

20. Chen Y, Tassone F, Berman RF, et al. Murine hippocampal neurons expressing Fmr1 gene 
premutations show early developmental deficits and late degeneration. Hum Mol Genet 
2009;19(1):196–208. doi:10.1093/hmg/ddp479.

Saldarriaga et al. Page 7

Int J Dev Neurosci. Author manuscript; available in PMC 2020 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3570061/\nhttp://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3570061&tool=pmcentrez&rendertype=abstract
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3570061/\nhttp://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3570061&tool=pmcentrez&rendertype=abstract
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3570061/\nhttp://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3570061&tool=pmcentrez&rendertype=abstract


21. Hagerman R, Hagerman P. Advances in clinical and molecular understanding of the FMR1 
premutation and fragile X-associated tremor/ataxia syndrome. Lancet Neurol 2013;12(8):786–798. 
doi:10.1016/S1474-4422(13)70125-X. [PubMed: 23867198] 

22. O’Dwyer JP, Clabby C, Crown J, Barton DE, Hutchinson M. Fragile X-associated tremor/ataxia 
syndrome presenting inMANUSCRIPTawomanafterchemotherapy. Neurology2005;65(2 SUPPL. 
1):331–332. doi:10.1212/01.wnl.0000168865.36352.53. [PubMed: 16043816] 

23. Ligsay A, Eldeeb M, Salcedo-Arellano MJ, Schloemerkemper N, Grayson J, Hagerman RJ. 
General Anesthetic Use in Fragile X Spectrum Disorders. J Neurosurg Anesth 2018. doi:10.1097/
ANA.0000000000000508. [Epub ahead of print].

24. Muzar Z, Adams PE, Schneider A, Hagerman RJ, Lozano R. Addictive substances may induce a 
rapid neurological deterioration in fragile X-associated tremor ataxia syndrome: A report of two 
cases. Intractable rare Dis Res 2014;3(4):162–165. doi:10.5582/irdr.2014.01023. [PubMed: 
25606366] 

25. Muzar Z, Lozano R, Schneider A, et al. Methadone use in a male with the FMRI premutation and 
FX AS. Am J Med Genet Part A 2015;167(6):1354–1359. doi:10.1002/ajmg.a.37030. [PubMed: 
25900641] 

26. El-Deeb M, Adams P, Schneider A, Salcedo-Arellano MJ, Tassone F, Hagerman RJ. Fentanyl 
overdose in a female with the FMR1 premutation and FXTAS. J Mol Genet 2018;1(1):1–4.

27. Saldarriaga W, Lein P, Gonzalez Teshima LY, et al. Phenobarbital use and neurological problems in 
FMR1 premutation carriers. Neurotoxicology 2016;53:141–147. doi:10.1016/j.neuro.2016.01.008. 
[PubMed: 26802682] 

28. Saldarriaga W, Forero-Forero JV, González-Teshima LY, et al. Genetic cluster of fragile X 
syndrome in a Colombian district. J Hum Genet 2018;63(4):509–516. doi:10.1038/
s10038-017-0407-6. [PubMed: 29379191] 

29. Schmitz-Hübsch T, Du Montcel ST, Baliko L, et al. Scale for the assessment and rating of ataxia. 
Neurology 2006;66(1):1717–1720. doi:10.1212/01.wnl.0000237953.63630.a6. [PubMed: 
16769946] 

30. Fahn S, Tolosa E, Marin C. Clinical Rating Scale for Tremor. In: Jankovic J, Tolosa E, Editors. 
Parkinson’s Disease and Movement Disorders 2nd ed. Baltimore: Williams & Wilkins; 1993.

31. Yabe I, Matsushima M, Soma H, Basri R, Sasaki H. sefulness of the Scale for Assessment and 
Rating of Ataxia (SARA). J Neurol Sci 2008;266(1–2):164–166. doi:10.1016/j.jns.2007.09.021. 
[PubMed: 17950753] 

32. Weyer A, Abele M, Schmitz-Hübsch T, et al. Reliability and validity of the scale for the assessment 
and rating of ataxia: study in 64 ataxia patients. Mov Disord 2007;22(11):1633–1637.doi:10.1002/
mds.21544. [PubMed: 17516493] 

33. Kim B-R, Lim J-H, Lee SA, et al. Usefulness of the Scale for the Assessment and Rating of Ataxia 
(SARA) in Ataxic Stroke Patients. Ann Rehabil Med 2011;35(6):772. doi:10.5535/arm.
2011.35.6.772. [PubMed: 22506205] 

34. Ondo W, Hashem V, LeWitt PA, et al. Comparison of the Fahn-Tolosa-Marin Clinical Rating Scale 
and the Essential Tremor Rating Assessment Scale. Mov Disord Clin Pract 2018;5(1):60–65. doi:
10.1002/mdc3.12560. [PubMed: 30363460] 

35. Folstein MF, Folstein SE, McHugh PR. Mini-Mental State: A practical method for grading the state 
of patients for the clinician. J Psychiatr Res 1975;12:189–198. doi:
10.1016/0022-3956(75)90026-6. [PubMed: 1202204] 

36. Kokmen E, Naessens JM, Offord KP. A Short Test of Mental Status: Description and Preliminary 
Results. Mayo Clin Proc 1987;62(4):281–288. doi:10.1016/S0025-6196(12)61905-3. [PubMed: 
3561043] 

37. Kokmen E, Smith GE, Petersen RC, Tangalos E, Ivnik RC. The Short Test of Mental Status: 
Correlations With Standardized Psychometric Testing. Arch Neurol 1991;48(7):725–728. doi:
10.1001/archneur.1991.00530190071018. [PubMed: 1859300] 

38. Grigsby J, Kaye K. The Behavioral Dyscontrol Scale: Manual 2nd ed. Denver: Authors; 1996.

39. Grigsby J, Kaye K, Robbins LJ. Reliabilities, Norms and Factor Structure of the Behavioral 
Dyscontrol Scale. Percept ot Skills 1992;74(3):883–892. doi:10.2466/pms.1992.74.3.883.

Saldarriaga et al. Page 8

Int J Dev Neurosci. Author manuscript; available in PMC 2020 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



40. Brega AG, Goodrich G, Bennett RE, et al. The primary cognitive deficit among males with fragile 
X-associated tremor/ataxia syndrome (FXTAS) is a dysexecutive syndrome. J Clin Exp 
Neuropsychol 2008;30(8):853–869. doi:10.1080/13803390701819044. [PubMed: 18608667] 

41. Spitzer RL, Kroenke K, Williams JBW, Löwe B. A brief measure for assessing generalized anxiety 
disorder: the GAD-7. Arch Intern Med 2006;166(10):1092–1097. doi:10.1001/archinte.
166.10.1092. [PubMed: 16717171] 

42. Bech P Clinical Psychometrics Oxford: Wiley Blackwell; 2012.

43. Leary MR. A Brief vxersion of the Fear of Negative Evaluation Scale. Personal Soc Psychol Bull 
1983;9(3):371–375. doi:10.1177/0146167283093007.

44. Kroenke K, Spitzer R, Williams J. The 2-item Generalized Anxiety Disorder scale had high 
sensitivity and specificity for detecting GAD in primary care. Ann Intern Med 2007;146(October):
317–325. doi:10.1136/ebm.12.5.149. [PubMed: 17339617] 

45. Carleton RN, McCreary DR, Norton PJ, Asmundson GJG. Brief Fear of Negative Evaluation scale
—revised. Depress Anxiety 2006;23(5):297–303. doi:10.1002/da.20142. [PubMed: 16688736] 

46. Weeks JW, Heimberg RG, Fresco DM, et al. Empirical Validation and Psychometric Evaluation of 
the Brief Fear of Negative Evaluation Scale in Patients With Social Anxiety Disorder. Psychol 
Assess 2005;17(2):179–190. doi:10.1037/1040-3590.17.2.179. [PubMed: 16029105] 

47. Myers GF, Mazzocco MM, Maddalena A, Reiss AL. o widespread psychological effect of the 
fragile X premutation in childhood: evidence from a preliminary controlled study. J Dev Behav 
Pediatr 2001;22(6):353–359. http://www.ncbi.nlm.nih.gov/pubmed/11773799. [PubMed: 
11773799] 

48. Grigsby J,Cornish K,Hocking D,et al. The cognitive neuropsychological phenotype of carriers of 
the FMR1 premutation. J Neurodev Disord 2014;6(1). doi:10.1186/1866-1955-6-28.

49. Hagerman RJ, Hagerman P. Fragile X ‑ associated tremor / ataxia syndrome — features, 
mechanisms and management. Nat Publ Gr 2016;12(7):403–412. doi:10.1038/nrneurol.2016.82.

50. Iwahashi CK, Yasui DH, An HJ, et al. Protein composition of the intranuclear inclusions of 
FXTAS. Brain 2006;129(1):256–271. doi:10.1093/brain/awh650. [PubMed: 16246864] 

51. Napoli E, Ross-Inta C, Song G, et al. Premutation in the Fragile X Mental Retardation 1 (FMR1) 
gene affects maternal Zn-milk and perinatal brain bioenergetics and scaffolding. Front Neurosci 
2016;10(APR). doi:10.3389/fnins.2016.00159.

52. Ross-Inta C, Omanska-Klusek A, Wong S, et al. Evidence of mitochondrial dysfunction in fragile 
X-associated tremor/ataxia syndrome. Biochem J 2010;429(3):545–552. doi:10.1042/BJ20091960. 
[PubMed: 20513237] 

53. Cao Z, Hulsizer S, Tassone F, et al. Clustered burst firing in FMR1 premutation hippocampal 
neurons: Amelioration with allopregnanolone. Hum Mol Genet 2012;21(13):2923–2935. doi:
10.1093/hmg/dds118. [PubMed: 22466801] 

54. Oral Communication: Pesticides Used for Agriculture in Ricaurte 2015.

55. Howard AS, Bucelli R, Jett DA, Bruun D, Yang D, Lein PJ. Chlorpyrifos exerts opposing effects 
on axonal and dendritic growth in primary neuronal cultures. Toxicol Appl Pharmacol 
2005;207(2):112–124. doi:10.1016/j.taap.2004.12.008. [PubMed: 16102564] 

56. Yang D, Howard A, Bruun D, Ajua-Alemanj M, Pickart C, Lein PJ. Chlorpyrifos and chlorpyrifos-
oxon inhibit axonal growth by interfering with the morphogenic activity of acetylcholinesterase. 
oxicol Appl Pharmacol 2008;228(1):32–41. doi:10.1016/j.taap.2007.11.005.

57. Yang D, Lauridsen H, Buels K, et al. Chlorpyrifos-oxon disrupts zebrafish axonal growth and 
motor behavior. Toxicol Sci 2011;121(1):146–159. doi:10.1093/toxsci/kfr028. [PubMed: 
21346248] 

58. Middlemore-Risher M-L, Adam B-L, Lambert NA, Terry AV. Effects of Chlorpyrifos and 
Chlorpyrifos-Oxon on the Dynamics and Movement of Mitochondria in Rat Cortical Neurons. J 
Pharmacol Exp Ther 2011;339(2):341–349. doi:10.1124/jpet.111.184762. [PubMed: 21799050] 

59. Salama M, El-Morsy D, El-Gamal M, Shabka O, Mohamed WMY. Mitochondrial complex I 
inhibition as a possible mechanism of chlorpyrifos induced neurotoxicity. Ann Neurosci 
2014;21(3):85–89. doi:10.5214/ans.0972.7531.210303. [PubMed: 25206071] 

Saldarriaga et al. Page 9

Int J Dev Neurosci. Author manuscript; available in PMC 2020 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.ncbi.nlm.nih.gov/pubmed/11773799


60. Hernandez CM, Beck WD, Naughton SX, et al. Repeated exposure to chlorpyrifos leads to 
prolonged impairments of axonal transport in the living rodent brain. Neurotoxicology 
2015;47:17–26. doi:10.1016/j.neuro.2015.01.002. [PubMed: 25614231] 

61. Cao Z, Cui Y, Nguyen HM, Jenkins DP, Wulff H, Pessah IN. Nanomolar Bifenthrin Alters 
Synchronous Ca2+ Oscillations and Cortical Neuron Development Independent of Sodium 
Channel Activity. Mol Pharmacol 2014;85(4):630–639. doi:10.1124/mol.113.090076. [PubMed: 
24482397] 

62. Morisseau C, Merzlikin O, Lin A, et al. Toxicology in the fast lane: Application of high-throughput 
bioassays to detect modulation of key enzymes and receptors. Environ Health Perspect 
2009;117(12):1867–1872. doi:10.1289/ehp.0900834. [PubMed: 20049205] 

63. Moyano P, del Pino J, Anadon MJ, Díaz MJ, Gómez G, Frejo MT. Toxicogenomic profile of 
apoptotic and necrotic SN56 basal forebrain cholinergic neuronal loss after acute and long-term 
chlorpyrifos exposure. Neurotoxicol Teratol 2017;59:68–73. doi:10.1016/j.ntt.2016.10.002. 
[PubMed: 27737797] 

64. Raszewski G, Lemieszek MK, Lukawski K, Juszczak M, Rzeski W. Chlorpyrifos and 
Cypermethrin Induce Apoptosis in Human Neuroblastoma Cell Line SH-SY5Y. Basic Clin 
Pharmacol Toxicol 2014. doi:10.1111/bcpt.12285.

65. Caughlan A, Newhouse K, Namgung U, Xia Z. Chlorpyrifos Induces Apoptosis in Rat Cortical 
Neurons that is Regulated by a Balance Between p38 and ERK/JNK MAP Kinases. Toxicol Sci 
2004;78(1):125–134. doi:10.1093/toxsci/kfh038. [PubMed: 14691213] 

66. Shelton JF, Hertz-Picciotto I, Pessah IN. Tipping the balance of autism risk: Potential mechanisms 
linking pesticides and Autism. Environ Health Perspect 2012;120(7):944–951. doi:10.1289/ehp.
1104553. [PubMed: 22534084] 

Saldarriaga et al. Page 10

Int J Dev Neurosci. Author manuscript; available in PMC 2020 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Highlights

• FMR1 premutation carriers were natives of Ricaurte, Colombia

• Earlier onset of symptoms and severity of FXTAS

• Increased frequency of seizures in female carriers

• Exposure to neonicotinoids, avermectins, organophosphorus compounds and 

pyrethroids
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