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Abstract: Fragile X syndrome (FXS) is caused by the full mutation in the FMR1 gene on the Xq27.3
chromosome region. It is the most common monogenic cause of autism spectrum disorder (ASD)
and inherited intellectual disability (ID). Besides ASD and ID and other symptoms, individuals
with FXS may exhibit sleep problems and impairment of circadian rhythm (CR). The Drosophila
melanogaster models of FXS, such as dFMR1B55, represent excellent models for research in the FXS
field. During this study, sleep patterns and CR in dFMR1B55 mutants were analyzed, using a new
platform based on continuous high-resolution videography integrated with a highly-customized
version of an open-source software. This methodology provides more sensitive results, which could
be crucial for all further research in this model of fruit flies. The study revealed that dFMR1B55 male
mutants sleep more and can be considered weak rhythmic flies rather than totally arrhythmic and
present a good alternative animal model of genetic disorder, which includes impairment of CR and
sleep behavior. The combination of affordable videography and software used in the current study
is a significant improvement over previous methods and will enable broader adaptation of such
high-resolution behavior monitoring methods.

Keywords: Drosophila melanogaster model of fragile X syndrome; FMR1 gene; Fragile X syndrome;
circadian rhythm; sleep

1. Introduction

Fragile X syndrome (FXS) is a neurodevelopmental disorder caused by an expansion of
the CGG trinucleotide repeats (more than 200, termed full mutation, FM) in the 5′ untrans-
lated region of the Fragile X Messenger Ribonucleoprotein 1 (FMR1) gene on the Xq27.3
chromosome region [1,2]. The FMR1 gene codes FMR1 protein (FMRP), which is deficient
in FM, and clinically manifests as FXS. FMRP is an RNA-binding protein important for the
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translation of certain mRNAs involved primarily in brain development, neuronal synapse
formation, and synaptic plasticity [3]. FMRP is known as a translation repressor which
limits the synthesis of various proteins in the brain. FMR1 transcription is suppressed by
hypermethylation of the FMR1 gene, occurring in the FM. In the absence of FMRP, neuronal
circuit formation and higher cognitive functions can be impaired [4]. FMRP plays a crucial
role in synaptic function due to the regulation of the translation of the metabotropic Gluta-
mate Receptor 5 (mGluR5) in astrocytes and to myelin production in oligodendrocytes [5–7].
On the other hand, FMRP can regulate transcription and RNA synthesis by interaction with
transcription factors and chromatin-modifying enzymes [4]. Finally, FMRP can interact
with some proteins such as ion channels, and regulate their function [4]. FMRP, through the
interaction with the large conductance Ca2+-activated K+ (BK) channels, modulates action
potential duration and consequently regulates neurotransmitter release and short-term
plasticity in CA3 hippocampal pyramidal neurons [3]. All these factors together contribute
to the clinical presentation of FXS.

The prevalence of FXS, in the general population, depends on geographical areas and
assessed population. In general, prevalence is 1 in 8000 females and 1 in 5000 males [8]. FXS
is the most common monogenic cause of autism spectrum disorder (ASD) and inherited
intellectual disability (ID) [9]. IQ levels in patients with FXS can be correlated with gender,
methylation status, and FMRP abundance [10,11]. Approximately 85% of males and
25–30% of females with FXS have ID [6]. On the other side, more than half (50–60%) of
males and 20% of females with FXS are diagnosed with ASD [12] (reviewed in Protic
et al., 2022 [13]). Generally, females with FXS have less severe symptomatology due to
compensatory activation of the unaffected X [13,14].

Besides ASD, patients with FXS exhibit ID, sleep problems, changes in circadian
rhythm (CR), delay in the development of motor functions, speech, and language in
early childhood, and often attention deficit hyperactivity disorder (ADHD), anxiety, and
aggression [15,16]. FXS can also be characterized by other comorbidities such as neu-
rological seizures, endocrinological problems like obesity, cardiac abnormalities (mitral
valve prolapse), and macroorchidism in puberty [17,18]. Recurrent otitis media infections
in childhood and strabismus are also present in patients with FXS. Physical appearance
can also be characterized by an elongated face, prominent ears, mandibular prognathism,
and joint hypermobility [17]. As mentioned above, sleep problems are often present in
individuals with FXS and manifest mostly as hardly falling asleep, impaired sleep quality,
and waking up many times during the night. Sleep problems tend to affect the quality of a
patient’s life and have a negative impact on the whole family [13,19].

FXS preclinical research on animals is limited to a few models, such as the Fmr1
knock-out (KO) mice, the Fmr1 KO zebrafish, and the Drosophila melanogaster model of FXS
(Fmr1, FBgn0028734 [20]; herein named dFMR1) such as dFMR1B55 mutants [21–23]. In
dFMR1B55, 2.5 kb deletion including exons 2, 3, and 4 of the dFMR1 gene was generated by
an imprecise excision of the EP(3)3422 P-element [24]. The Drosophila melanogaster models
of FXS, such as dFMR1B55, show impairment in CR, climbing abilities, social interactions,
olfactory learning, and memory [25,26]. Tracking of locomotor activity enables sleep and
CR analysis in the Drosophila melanogaster models of FXS. Until now, CRs have been studied
in Drosophila mostly with infrared-based beam-crossing methods [24,26–30]. These methods
may lead to an underestimation of the total activity of flies throughout the day, which may,
in turn, affect estimation of critical CR and sleep statistics [31,32].

The aim of this study is to analyze sleep patterns and CR in dFMR1B55 mutants as
an animal model for further research in the field of FXS, using a new platform based on
continuous high-resolution video monitoring in integration with a customized version
of the open-source app VANESSA (available at https://zenodo.org/records/5558502,
accessed on 8 July 2024).

https://zenodo.org/records/5558502
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2. Results

2.1. CR Analysis in the w1118, per01 and dFMR1B55 Groups

The CR of white1118 (w1118), period01 (per01), and dFMR1B55 flies in the dark–dark (DD)
period (from 3rd to 10th experimental day) were analyzed using video monitoring and
VANESSA application.

A graphical representation of the activity patterns (CRs) of selected flies of the w1118,
per01, and dFMR1B55 groups in the DD period is presented in actograms within Figure 1.
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Figure 1. Presentation of individual actograms from the 3rd to the 10th experimental day during
dark–dark (DD) period for (a) rhythmic w1118 male; (b) arhythmic per01 male; (c) arhythmic dFMR1B55

male. Actograms of females are not presented due to less evident differences among them. Gray bars
indicate subjective days under DD.

In the control w1118 groups (N = 50 males and N = 50 females), rhythmicity was
observed in 84% (42/50) of females and in 96% (48/50) of male flies. Comparison between
sexes showed a significantly higher frequency of rhythmic flies in males (p = 0.04). The mean
period for rhythmic individuals was 23.70 ± 0.17 h for females (N = 42) and 23.78 ± 0.27 h
for males (N = 48) and there was no statistically significant difference in period values
(p = 0.14) between sexes. In addition, w1118 rhythmic females had significantly higher
(p < 0.0001, both) median and mean values of rhythm power (median = 263.90, with range:
68.85–423.60; mean ± SD: 252.60 ± 100.90) in comparison with w1118 rhythmic males
(median = 110.90, with range: 21.17–385.00, mean ± SD: 125.60 ± 72.49).

In the per01 groups, rhythmicity was observed in 62% (31/50) of females and in
62% (31/50) of male flies. Comparison between sexes showed the same frequency of
rhythmic flies (p > 0.99). The mean period for rhythmic individuals was 23.60 ± 0.31 h for
females (N = 31) and 23.86 ± 0.27 h for males (N = 31). Furthermore, for rhythmic females,
the median value of the power of the rhythm was 145.00 (range: 17.99–395.50) and the
mean value was 157.30 ± 102.50. In addition, the median and mean values for rhythmic
males were 68.49 (range: 15.10–373.80 and 109.60 ± 102.70, respectively. Interestingly,
male per01 rhythmic individuals had a significantly longer period (p = 0.0002), while per01

rhythmic females had a significantly higher power of the rhythm than the rhythmic per01

males (p = 0.0180).
Finally, in the experimental dFMR1B55 groups, rhythmicity was observed in 98%

(49/50) of females and in 74% (37/50) of male flies indicating a significantly lower frequency
of rhythmic flies in males (p = 0.0005). The mean period for rhythmic individuals was
23.66 ± 0.36 h for females (N = 49) and 23.69 ± 0.49 h for males (N = 37) without statistically
significant difference in period values (p = 0.51) between sexes. The median values of
the power of the rhythm were 128.90 (range: 14.18–314.80) for rhythmic females and
82.65 (range: 15.12–292.20) for rhythmic males, while the mean values of the same parameter
were 135.60 ± 68.81 for females and 90.18 ± 65.16 for males. Like w118 and per01 females,
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dFMR1B55 rhythmic females had a significantly higher power of rhythm than the rhythmic
dFMR1B55 males (p = 0.001).

The described values of periods and power of the CRs, in individual rhythmic and
arhythmic w1118, per01, and dFMR1B55 males, are visualized within selected chi-square
periodograms in Figure 2.
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Comparisons of examined variables related to CR (frequency of rhythmicity, period,
and power of rhythm) among included groups of flies revealed that the lowest frequencies
of rhythmic flies of both sexes were noticed in per01 (61% in both, males and females).
However, a significantly lower frequency of rhythmicity was shown for dFMR1B55 males
compared to w1118 males (p = 0.002). Interestingly, dFMR1B55 females had a higher frequency
of rhythmicity compared to w1118 of the same sex (p = 0.01). On the other hand, there were
no statistically significant differences between dFMR1B55 and per01 males (p = 0.20) in terms
of frequency of rhythmic flies, while for females, dFMR1B55 showed a higher frequency
of rhythmicity compared to per01 (p < 0.0001). Finally, for both sexes, w1118 had a higher
frequency of rhythmicity compared to per01 (females: p = 0.01; males: p < 0.0001).

Periods for rhythmic individuals were not statistically different for w1118 vs. per01

vs. dFMR1B55 (females: p = 0.25; males: p = 0.10). Multiple comparisons among included
groups divided by sex did not show statistically significant differences in period values
(p > 0.05, all). Violin plots of periods, presented in Figure 3, show that there were approxi-
mately the same period values in rhythmic males of all examined groups (w1118, per01, and
dFMR1B55).
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The power of the rhythm comparison among w1118, per01, and dFMR1B55 revealed
statistically significant differences among them (females: p < 0.0001; males: p = 0.02).
Specifically, for both sexes, dFMR1B55 had significantly lower power than w1118 (females:
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p < 0.0001; males: p = 0.03). There were no significant differences between dFMR1B55 and
per01 in power values (both sexes: p > 0.9999).

Bar plots of frequency of rhythmicity and power of rhythm in w1118, per01, and
dFMR1B55 are presented in Figure 4.
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2.2. Sleep Analysis in the w1118, per01, and dFMR1B55 Groups

The sleep patterns of w1118, per01, and dFMR1B55 flies were analyzed using video
monitoring and the VANESSA application. Sleep was analyzed for the light–dark (LD)
period (1st and 2nd experimental day), and for DD periods (3rd to 10th experimental day).
Specifically, for the LD period, sleep was separately analyzed for daytime (DT; ‘lights-on’
period of the day; ZT00–ZT12) and nighttime (NT; ‘lights-off’ period of the day; ZT12
to ZT24).

In the control w1118 groups, the total sleep time (TST) per day was 119.25 ± 120.17 min
(median: 81 min, with range: 0–647 min) during DT and 409.81 ± 127.62 min (median: 416 min,
range: 34–618 min) during NT for females. In addition, TST was 318.26 ± 155.96 min (median:
325 min, with range: 0–617 min) in DT, and 348.66 ± 162.56 min (median: 347 min; range:
5–638 min) in NT for males. Females had 10.18 ± 5.92 sleeping episodes/bouts (median:
10, with a range 1–29) in the DT and 21.53 ± 6.91 (median: 22, range: 6–37) in NT, while
males had 16.11 ± 5.63 (median: 16, with a range 1–29) in DT and 23.30 ± 8.76 (median:
23.5; range: 1–44) in NT.

In the per01 groups, the TST per day was 38.67 ± 70.64 min (median: 8.5 min, with
range: 0–370 min) during DT and 332.60 ± 146.64 min (median: 324 min, range: 18–630 min)
during NT for females. For males, TST was 138.73 ± 150.49 min (median: 100 min, with
range: 0–509 min) in DT and 405.44 ± 136.74 min (median: 418 min; range: 97–699 min) in
NT. Females had 7.21 ± 7.55 sleeping bouts (median: 5, with a range of 1–32) in the DT and
10.18 ± 5.18 (median: 9.5, range: 2–30) in NT, while males had 12.79 ± 8.34 (median: 11,
with a range 1–34) in DT and 14.34 ± 4.95 (median: 15; range: 5–32) in NT.
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Finally, in the experimental dFMR1B55 groups, the TST per day was 270.44 ± 133.37 min
(median: 300 min, with range: 0–499 min) in DT and 447.26 ± 102.53 min (median: 458.50 min,
range: 57–622 min) during NT for females. For males, TST was 357.65 ± 169.94 min (median:
414.50 min, with range: 13–616 min) in DT and 520.98 ± 81.72 min (median: 537 min; range:
231–672 min) in NT. Females had 16.15 ± 6.83 sleeping bouts (median: 16, with a range
1–31) in DT and 17.1 ± 8.41 (median: 16, range: 2–43) in NT, while males had 20.50 ± 8.68
sleeping bouts (median: 22, with a range 2–38) in DT and 15.96 ± 10.14 (median: 14, range:
1–47) in NT.

Additional sleep parameters that could provide a more comprehensive understanding
of sleep disturbances in the FXS model such as sleep bout length, sleep latency, wake after
sleep onset (WASO), and sleep fragmentation index (SFI), separately for females and males,
in LD periods, are presented in Table 1 (for DT) and in Table 2 (for NT). These tables give a
more holistic view of the sleep patterns in the different experimental groups of flies.

As presented in Tables 1 and 2, a comparison of examined variables related to sleep
revealed statistically significant differences among the three groups, in both males and
females (p < 0.0001, all). The longest TSTs during DT and NT of LD periods were noticed in
dFMR1B55 males. In addition, dFMR1B55 males and females had statistically significantly
more frequent sleep episodes in DT in comparison with flies in the w1118 and per01 groups
(p < 0.0001, all). Male flies in the dFMR1B55 group had statistically significant shorter sleep
latency in comparison with males from the w1118 and per01 groups (p < 0.0001, all) in DT of
LD period. The WASO was also statistically significantly shorter in dFMR1B55 males than
the same parameter in males of the w1118 and per01 groups (p < 0.0001, all) during NT of
the LD period. Furthermore, the Mann–Whitney test revealed that there were statistically
significant differences between male and female flies in the dFMR1B55 group in DT of the
LD period in terms of investigated sleep parameters values (males vs. females: number
of bouts: p = 0.0002; sleep latency: p < 0.0001 and TST: p < 0.0001). Similarly, there were
statistically significant differences between males and females in the dFMR1B55 group in NT
of the LD period (males vs. females: p = 0.0074 for bout length; p = 0.0032 for sleep latency;
p < 0.0001 for TST and WASO, and p = 0.0075 for SFI). Finally, as presented in Tables 1
and 2, analyzed sleep parameters show that dFMR1B55 flies spent statistically significantly
more time sleeping per day. It is clear that both DT and NT sleep had been increased in
dFMR1B55 mutants. Finally, the graphical presentation of average sleep profiles for the LD
period (1st to 2nd day) of sleep analyses in w1118, per01, and dFMR1B55 groups are presented
in Figure 5.
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Figure 5. Average sleep profiles (fraction of time sleeping) for w1118, per01, and dFMR1B55 flies (female
and male) in light–dark (LD) period (1st to 2nd day).

Additional sleep analyses were also performed for the DD period. The obtained results are
presented in Supplementary Table S1. Please note that in the DD period (3rd to 10th experimental
day) ‘lights-on’ time (marked as daytime-DT in the LD period) does not exist. Accordingly, the
results are presented per day for the whole DD period without separate presentations for the
first (DT: ZT00-ZT12) and the second (NT: ZT12 to ZT24) parts of the day.
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Table 1. Sleep parameters for female and male flies in w1118, per01, and dFMR1B55 groups in daytime (DT; ZT00-ZT12; lights-on) part of the day in the light–dark (LD)
period of experiments.

Sleep Parameter
Sex Females Males

Phenotype w1118 per01 dFMR1B55 p Value w1118 per01 dFMR1B55 p Value

No of bouts

Mean ± SD 10.18 ± 5.92 7.21 ± 7.55 16.15 ± 6.83 16.11 ± 5.63 12.79 ± 8.34 20.50 ± 8.68

Median
[min–max] 10 [1–29] 5 [1–32] 16 [1–31] <0.0001 16 [1–29] 11 [1–34] 22 [2–38] <0.0001

Sleep bout length (min)

Mean ± SD 11.97 ± 6.51 7.45 ± 2.94 16.92 ± 6.63 22.97 ± 16.37 10.68 ± 6.09 18.05 ± 10.40

Median
[min–max] 10.0 [5–36.33] 6.50 [5–18.60] 16.65 [5–36.18] <0.0001 16.24

[6.63–95.60] 8.33 [5–44.24] 16.47
[5.17–60.78] <0.0001

Sleep latency (min)

Mean ± SD 237.45 ± 139.95 223.09 ± 226.05 147.15 ± 88.87 127.64 ± 86.61 135,32 ± 104.08 89.10 ± 83.37

Median
[min–max] 241 [0–666] 153 [1–1440] 135.50 [0–435] <0.0001 127.50 [0–489] 100 [0–509] 67 [0–453] <0.0001

TST (min)

Mean ± SD 119.25 ± 120.70 38.67 ± 70.64 270.44 ± 133.37 318.26 ± 155.96 138.73 ± 150.49 357.65 ± 169.94

Median
[min–max] 81 [0–647] 8.50 [0–370] 300 [0–499] <0.0001 325 [0–617] 82.50 [0–694] 414.50 [13–606] <0.0001

Abbreviations: w1118-white1118; per01-period01; dFMR1B55-dFMR1 mutant flies; min-minute; TST-total sleeping time; p value < or = 0.05 is considered statistically significant.

Table 2. Sleep parameters for female and male flies in w1118, per01 and dFMR1B55 groups in nighttime (NT; ZT12-ZT24; lights-off) part of the day in the light–dark
(LD) period of experiments.

Sleep Parameter
Sex Females Males

Phenotype w1118 per01 dFMR1B55 p Value w1118 per01 dFMR1B55 p Value

No of bouts

Mean ± SD 21.53 ± 6.91 10.18 ± 5.18 17.10 ± 8.41 23.30 ± 8.76 14.34 ± 4.95 15.96 ± 10.14

Median
[min-max] 22 [6–37] 9.50 [2–30] 16 [2–43] <0.0001 23.50 [1–44] 15 [5–32] 14 [1–47] <0.0001

Sleep bout length
(min)

Mean ± SD 22.37 ± 14.60 40.58 ± 27.35 37.73 ± 38.03 15.63 ± 8.52 32.15 ± 16.49 73.40 ± 109.02

Median
[min-max]

17.19
[5.67–87.71] 34.03 [6.59–142] 27.42

[9.67–286.5] <0.0001 12.66 [5–41] 29.28
[9.09–101.14] 40.75 [9.26–656] <0.0001
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Table 2. Cont.

Sleep Parameter
Sex Females Males

Phenotype w1118 per01 dFMR1B55 p Value w1118 per01 dFMR1B55 p Value

Sleep latency (min)

Mean ± SD 94.20 ± 48.81 136.86 ± 51.86 109.84 ± 81.30 67.98 ± 68.28 100.99 ± 49.87 78.36 ± 46.62

Median
[min-max] 94.50 [4–376] 134.50 [51–261] 110 [1–514] <0.0001 54.50 [6–576] 101.5 [2–230] 86 [1–179] <0.0001

TST (min)

Mean ± SD 409.81 ± 127.62 332.60 ± 146.64 447.26 ± 102.53 348.66 ± 162.56 405.44 ± 136.74 520.98 ± 81.72

Median
[min-max] 416 [34–618] 324 [18–630] 458.50 [57–622] <0.0001 347 [5–638] 418 [97–699] 537 [231–672] <0.0001

WASO (min)

Mean ± SD 404.40 ± 161.20 524.3 ± 176 382.60 ± 152.20 439.30 ± 199.10 415.5 ± 174.3 277.40 ± 83.40

Median
[min-max]

392.50
[112–1009] 541.50 [153–962] 351 [122–1042] <0.0001 416 [93–1291] 408 [24–812] 272.50 [83–538] <0.0001

SFI

Mean ± SD 0.06 ± 0.03 0.04 ± 0.03 0.04 ± 0.02 0.08 ± 0.04 0.04 ± 0.02 0.03 ± 0.03

Median
[min-max] 0.06 [0.01–0.18] 0.03 [0.01–0.15] 0.04 [0–0.11] <0.0001 0.08 [0.02–0.2] 0.04 [0.01–0.11] 0.02 [0–0.11] <0.0001

Abbreviations: w1118-white1118; per01-period01; dFMR1B55-dFMR1 mutant flies; min- minute; TST-total sleeping time; WASO-wake after sleep onset; calculated as total nighttime from ZT12
to ZT24 (720 min) − (TST in NT–night sleep latency); SFI-sleep fragmentation index calculated as number of bouts/TST; p value < or = 0.05 is considered statistically significant.
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3. Discussion

The current study innovatively used high-resolution continuous video monitoring
for a detailed analysis of circadian rhythm and sleep patterns in Drosophila Fmr1 mutants
based on their locomotor activity. This study revealed a lower percentage of rhythmic
males in the dFMR1B55 group in comparison to the control wild-type male flies. This
observation may be based on the duration of their sleep, which revealed that dFMR1B55

generally sleeps more compared to the w1118 and per01 phenotypes. Although there is a
high frequency of rhythmic flies in the dFMR1B55 group in both sexes, it is important to
emphasize that they mostly had a significantly lower power of rhythm than w1118. On
the other hand, their power of rhythm is similar to rhythmic per01 flies. All investigated
groups of flies had a similar period of CR, which was around 24 h. CR changes through the
measurement of locomotor activity have been previously tested in a few Drosophila FXS
models. All these studies showed dFMR1 mutants as heterogeneous populations consisting
of both rhythmic and arrhythmic individuals [24,26,28,29]. In accordance with our study,
previous studies that investigated CR in dFMR1B55 mutants also found differences in the
frequency of rhythmicity between dFMR1B55 and wild-type flies [24,29]. However, their
results were independent of sexes, while groups of flies were divided by sexes in the current
study. Although the frequency of rhythmicity of the dFMR1B55 mutants found in previous
studies [24,29] was much lower than in the current study, these results cannot be compared
due to different experimental designs. Specifically, in the current study, the experimental
design was based on high-resolution video tracking of flies in subgroups divided by sex.
However, similarly to our results, Inoue et al. (2002) calculated the period for the dFMR1B55

mutants as 23.80 ± 0.50 h [24].
Per is a key gene in CR regulation [33] and per01 was included as a control group in

this study based on results in previously published articles that reported the majority of
dFMR1B55 males as arrhythmic [24]. Interestingly, according to the results obtained in the
current study using high-resolution videography and VANESSA software, the majority
of these flies were rhythmic with a low power of rhythm (see Figure 4). per01 mutants
have a non-functional PER protein and cannot sustain rhythmicity properly [31]. However,
there are studies where weak CR components were detected in per01 [34,35]. Klarsfeld et al.
(2003) classified more than a third of per01 individuals as rhythmic [31], with weak power
of rhythm, which is in concordance with the results obtained in the present study. In the
current study, the frequency and power of dFMR1B55 males’ rhythmicity did not differ from
per01 males, suggesting that regarding CR, dFMR1B55 males are more similar to the per01

line, where weak rhythm was detected, and completely different than w1118 of the same
sex. Thus, the main research question is could scientists consider that dFMR1B55 males are
rhythmic with weak power of rhythmicity rather than they are being completely arhythmic?
Based on our findings, it is evident that most dFMR1B55 males exhibit weak rhythmicity
compared to the control group w1118. This distinction in rhythmicity is supported by the
methodology employed in our research. However, the same conclusion cannot be drawn
for dFMR1B55 females, as our results indicate that almost all of them displayed rhythmicity.
Also, w1118 females could not be a proper control group for comparison since, unexpectedly,
the frequency of rhythmicity is lower in w1118 females than in the dFMR1B55 of the same sex.

Other studies investigating CR in the Drosophila FXS model used different strains
(dFXR∆113 and dFMR3) and also showed differences in the frequency of rhythmicity between
FXS fly models and wild-type flies [26,28]. The power of rhythm as a CR parameter of
dFMR3 was only reported in the study conducted by Dockendorff et al. (2002) using
Fast Fourier Transform (FFT) analysis. Similar to our results, they showed a much lower
power of rhythmicity in dFMR1 male mutants compared to wild-type [26]. In addition,
previous sleep studies showed longer total sleep duration and a higher number of sleeping
bouts in the Drosophila FXS model compared to the wild-type, which is consistent with our
results [27]. Specifically, the current study was conducted using virgin male flies that were
kept in isolation whereas females were kept in groups of five due to aggression in male
individuals [36,37]. Although it is well known that isolation can influence and reduce sleep
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in fruit flies [38], our study revealed that both female and male dFMR1 mutants generally
slept more than control groups regardless of rearing conditions. In a previous study, no
measures were made separately on females and males as was done in the present study.
Our study shows that dFMR1 male mutants spend more sleeping time than dFMR1 female
mutants. However, further study is needed to clarify differences between sexes in sleep
patterns based on social rearing conditions.

All previously described CR studies of Drosophila FXS models used the infrared-based
beam-crossing method by the Drosophila Activity Monitoring (DAM) system [24,26–29]. The
previously used data analysis software was different in different studies. High-resolution
continuous video monitoring with the Zantiks MWP Unit (https://zantiks.com/products/
zantiks-mwp accessed on 8 July 2024) used in the current study is different from the
most widely used infrared-based beam-crossing method. While the infrared-based method
considers the number of crossing beam events during time and is limited to movements near
the beams, the results of videography are presented as crossed distances. Micromovements
of Drosophila happening anywhere in the well can also be detected using this tracking
system. Some scientists reported their concerns about the under- or over-estimation of
infrared detection of some fly movements. These limitations are linked to fly positions in
the system [39]. In the current study, we can detect frequent short grooming bouts followed
by short, crossed distances in dFMR1B55 mutants showing that the video monitoring
used in this study can detect those micromovements anywhere in the system. These
micromovements could be probably the main reason for a higher frequency of rhythmic
flies in per01 groups and generally less total sleep values. The observed difference in
methodology between the DAM system and video-based monitoring may be also the main
reason for variable results on CR in dFMR1 mutants. Video monitoring as a more sensitive
method could be useful, especially in mutants with reduced overall motility [33]. Bolduc
et al. (2010) and Stojkovic et al. (2024) reported lower locomotor activity in dFMR1B55

adults compared to w1118 [25,40], which is similar to the current study and could be related
to significantly higher total sleeping in dFMR1B55 mutants. Video recording always shows
less sleep than DAM systems [41]. Micromovements less than 3 mm, i.e., activity records
less than 1 body length of flies, will be considered for exclusion in the next iteration of our
work. However, based on current and previous results, video monitoring used in our study
could present a recommended methodology for sleep research and CR analyses in dFMR1
mutants. It is important to emphasize that this study was not aimed at characterizing
“more minute microbehavior” during sleep, as was done by Keleş et al. (2023) in Mark
Wu’s laboratory [42]. Characterizing these “more minute microbehaviors” requires high-
resolution and much closer monitoring of single flies and all their body parts; it is a
novel approach but is currently limited by advancements in high-throughput versus high-
zoom video acquisition [42]. However, our study emphasizes that video analysis could be
more precise than traditional DAM systems. In brief, we aimed to develop an affordable
replacement for the high-throughput DAM system with a similarly high-throughput, yet
more sensitive, video recording system. Despite the study advantages, our research still
primarily measured locomotor activity, but at a higher resolution, and differs somewhat
from other video analyses like those done by Zimmerman et al. (2008), which conducted
video analyses in a 1D environment (tubes) [43].

The Zantiks MWP Unit is a fully automated system with no need for additional
interventions during the whole experimental period [44]. The system includes software, is
controlled via a web browser, and has full customer support. On the other hand, challenges
are associated with software for CR and sleep analyses because almost all available software
is adapted to the DAM system. However, VANESSA is an open-source, user-friendly
application for CR and sleep data acquisition, analysis, and visualization [45,46], and it was
adapted for analyses of fruit fly video tracking recordings in our research. The VANESSA
apps have Graphical User Interfaces (GUIs), are also hosted on a server, and can be directly
used from a browser (available on https://cryptodice.shinyapps.io/vanessa-dam-cra/
(accessed on 8 July 2024) and https://cryptodice.shinyapps.io/vanessa-dam-sa/ (accessed

https://zantiks.com/products/zantiks-mwp
https://zantiks.com/products/zantiks-mwp
https://cryptodice.shinyapps.io/vanessa-dam-cra/
https://cryptodice.shinyapps.io/vanessa-dam-sa/
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on 8 July 2024)) [46]. Neither Zantiks MWP Unit nor VANESSA apps require high additional
engineering or programming knowledge, which is an important advantage for research
laboratories. The combination of Zantiks MWP and VANESSA represents a modern and
useful technology that provides a more sensitive methodology in the field of chronobiology.

Finally, although the current study was conducted on the Drosophila FXS model, the
biological significance of the findings, particularly their relationship with the clinical as-
pects of FXS, could be important. For example, due to differences in study design and
instruments of assessment, sleep problems were reported in 27–77% of individuals with
FXS [47–52]. These problems in children with FXS were described as mild to moderate [49].
The study conducted by Budimirovic et al. (2022) assessed the relationship between sleep
difficulties and behavioral problems in children with FXS. As reported, almost all sleep
problems were significantly associated with the presence of irritability/aggression, and
hyperactivity, and some of them were associated with hypersensitivity [19]. In addition,
sleep problems are associated with impaired circadian clock function in individuals with
neurodevelopmental problems, including FXS [53,54]. Furthermore, sleep and CR im-
pairments were also reported in the study using a mouse model of FXS. Specifically, Saré
et al. (2017) described deficient sleep in Fmr1 KO mice [55]. Interestingly, our findings of
increased sleep time in the Drosophila FXS model are in contrast with results in the Fmr1
KO mice, in which sleep duration was decreased. On the other hand, our findings on
sleep behavior are in line with previously obtained results in fruit flies in studies with
Drosophila FXS models [24,27]. These phenotypic variations might be due to the lack of
both Fmr1 paralogs, Fxr1 and Fxr2, in flies [55]. Comprehensively, the results of research
using different animal models of FXS confirmed that sleep problems are linked with CR
impairments [56]. Although sleep problems and CR impairment were described in humans
with FXS and different animal models, they are not very well characterized and the nature
of sleep and CR abnormalities is not well understood. However, the current study on the
Drosophila FXS model did not provide a direct assessment of fly behavior related to sleep
changes and CR impairments but increased the pool of knowledge on sleep and CR in FXS.
Thus, this work could make a significant contribution to the field. Additionally, given the
absence of treatment data, this study should be viewed as a foundational step for future
research focused on improving the identification and management of sleep issues in FXS.

There are some limitations of the current study that could be addressed in future
research. For example, as explained in the Methods section, the rearing conditions differed
for male and female flies due to aggression observed in males. In addition, micromovements
of the flies that were less than 3 mm (approximately one body length) were not excluded
from the analyses; these movements will be considered for exclusion in our future work.
Finally, it will be interesting to associate sleep and CR changes with behaviors in dFMR1B55

mutants. Overcoming these limitations will lead to more precise findings. Overall, the
approach is novel and potentially offers more sensitive and detailed results compared to
traditional methods.

4. Materials and Methods
4.1. Flies

The dFMR1B55 mutants were created by Inoue et al. in 2002 through an imprecise
excision of the EP(3)3422 P-element. This process resulted in a deletion of the dFMR1
genomic DNA, which included exons 2, 3, and 4, thereby creating a protein null allele
B55 [24]. The control groups for this study consisted of the wild-type white1118 (w1118) and
period01 (per01) mutants. In order to justify the choice of control groups and explain how
the study findings are being validated, it is important to emphasize that w1118 is the host
of the P-element that was excised to generate the B55 allele [24,26,57]. Per01 was used as a
standard control group for CR and sleep pattern analysis.

Flies were reared under a 12 h light/12 h dark cycle on standard cornmeal/molasses/agar
medium at 25◦C and 60% relative humidity [58]. Virgin flies were collected 8 h after eclosion.
Each virgin male was kept separately in its own vial due to their aggressive behavior [36,37]
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while virgin females were kept in groups of five on standard cornmeal/molasses/agar
medium. After flies reached the age of 3–4 days, video monitoring of locomotor activity
started at 7 a.m.

All analyzed groups of flies were divided based on phenotype and sex and each group
contained 50 flies in total.

4.2. Video Monitoring of Locomotor Activity

Video monitoring and data collection of locomotor activity was performed in the
Zantiks MWP Unit (Zantiks Ltd., Cambridge, UK). Demo scripts for Zantiks MWP Unit
are available on the Zanscript-Script library Zantiks. A total of 96 flies (virgin males and
females) were individually housed in each well of a 96-well plate. Each well was partly
filled with a transparent sugar/agar medium. Animals were video tracked under standard
conditions of 25 ◦C and 55–65% humidity. Locomotor activity rhythms were measured
as distance traveled (mm) every 30 s under light–dark cycles of 12 h (LD12:12; light at
7.00 am marked as ZT00, and dark at 7.00 pm marked as ZT12) for 2 days followed by
constant darkness (dark–dark, DD) for 8 days. In other words, the first two experimental
days presented the light–dark (LD) period and consisted of daytime (DT) and nighttime
(NT). In addition, the 3rd to 10th experimental days presented the dark–dark (DD) period.

The camera is built into the Zantiks system and is a 1440 × 1080 camera based on
the Sony CMOS Pregius IMX273 sensor (software version: 2022-06-07, console version:
2022-05-07). The output is normally binned to 720 × 540, and the camera is run at 30 frames
per second. Output could be at 1440 × 1080, but the frame rate would be reduced. Lighting
is in InfraRed, and the exposure time is 3 ms, with a gain of 0. Flies are tracked every frame
to give X and Y coordinates and the distance traveled can then be computed (subject to a
minimum move tolerance) and output at any desired rate (e.g., distance traveled per second,
per 30 s, or per 5 min). Tracking is based on a background subtraction algorithm, and is
carried out in real time within the unit—no external computing resources are required. The
video recording is from all 96 chambers simultaneously. Real-time video can be stored on
the unit (100 + GB capacity), but normally we store a timelapse video with a trace of the
track on it as a visual record (the whole experiment is around 500 MB).

4.3. CR and Sleep Pattern Analyses

Analyses of parameters were performed by VANESSA, an open-source R-based set
of applications for CR and sleep data acquisition, analysis, and visualization (available
on https://github.com/orijitghosh/VANESSADAM (accessed on 8 July 2024)). For CR
analyses, frequency of rhythmicity, period (certain time in which cycles are repeated
naturally), and power of rhythmicity (strength of CR) were analyzed.

Free running periods and powers of the CR were estimated by the chi-square pe-
riodograms in the highly customized version of VANESSA made to analyze data from
Zantiks MWP. The fly was considered rhythmic if the peak of the periodogram appeared
above the alpha = 0.05 confidence level. Males and females were analyzed separately.

For sleep analyses, sleep was defined as behavioral inactivity lasting ≥5 min, and the
following parameters were analyzed in VANESSA, separately for DT and NT in the LD
period, as well as values for the whole day in the DD period:

• Number of bouts: number of sleeping episodes;
• Sleep bout length: duration of bout (i.e., sleeping episode);
• Day sleep latency: the duration between ZT00 and first sleeping bout after ZT00;
• Night sleep latency: the duration between ZT12 and first sleeping bout after ZT12;
• Total sleep time (TST): time spent sleeping;
• Wake after sleep onset (WASO: the number of minutes a fly spends awake after having

initially fallen asleep and is calculated using the formula: total night time from ZT12
to ZT24 (720 min) − (TST in NT–night sleep latency).

• Sleep fragmentation index (SFI) calculated using the formula: number of bouts/TST.

All sleep parameters are presented as value per day.

https://github.com/orijitghosh/VANESSADAM
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4.4. Statistical Analyses

Statistical analyses were performed in GraphPad Prism 8.0 (GraphPad Software, Inc.,
San Diego, CA, USA). Data are shown as both mean ± SD and median values with range.
All statistical analyses were separately performed for different sexes. For normal distribu-
tion testing, Shapiro–Wilk and Kolmogorov–Smirnov tests were used. Comparison of the
frequency of rhythmicity was performed using the chi-square test. For all other analyzed
parameters, the Kruskal–Wallis test with Dunn’s multiple comparison (alpha = 0.05) was
used. Specifically, the Mann–Whitney test was only used for differences between sexes of
the same phenotype. Significance was defined as p ≤ 0.05.

5. Conclusions

CR and sleep analyses by new tools consisting of high-resolution videography and a
highly customized version of open-source software provide more sensitive results in the
analysis of dFMR1 mutants, which could be crucial for all further research in this model
of fruit flies. Specifically, this study revealed that dFMR1 male mutants can be considered
weak rhythmic flies rather than totally arrhythmic and represent a good experimental
model for further behavioral research in the field of FXS. In addition, dFMR1 male mutants
could also represent a good model for further sleep research based on their sleep behavior.
Finally, dFMR1B55 male mutants could be an important tool for pharmacological initial
drug screening as an example of an alternative animal model of a genetic disorder, which
includes impairment of CR and sleep behavior. The combination of affordable videography
and software used in the current study is a significant improvement over previous methods
and will enable broader adaptation of such high-resolution behavior monitoring methods.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/ijms25147949/s1.

Author Contributions: Conceptualization, D.P.; methodology, S.M., A.G. and M.S.; software, S.M.
and A.G.; validation, D.P. and S.M.; formal analysis, S.M. and T.T.; investigation, S.M., V.M. and M.S.;
resources, D.P.; data curation, S.M., V.M. and M.S.; writing—original draft preparation, S.M. and
V.M.; writing—review and editing, D.P., M.C. and D.B.; visualization, S.M., T.T. and D.P.; supervision,
D.P. and D.B.; project administration, D.P.; funding acquisition, D.P. All authors have read and agreed
to the published version of the manuscript.

Funding: This research was funded by the Science Fund of the Republic of Serbia, Program IDEA,
GRANT No. 7673781. The authors of the publication are responsible for the content of this publi-
cation and this content does not express the attitudes of the Science Fund of the Republic of Serbia.
Projects No. 451-03-66/2024-03/200110 and No. 451-03-66/2024-03/200026 by The Ministry of
Science, Technological Development and Innovation of the Republic of Serbia financially supported
this research.

Institutional Review Board Statement: Ethical review and approval were waived for this study. The
study includes only alternative models, i.e., the Drosophila Fragile X model. According to the National
Centre for the Replacement Refinement & Reduction of Animals in Research, partial replacement
includes the use of some animals that, based on current scientific thinking, are not considered capable
of experiencing suffering. This includes invertebrates such as Drosophila, nematode, worms, social
amoebae, and immature forms of vertebrates (https://www.nc3rs.org.uk/the-3rs (accessed on 8 July
2024)). According to Directive 2010/63/EU of the European Parliament and of the Council of 22
September 2010 on the protection of animals used for scientific purposes (https://eur-lex.europa.eu/
eli/dir/2010/63/oj (accessed on 8 July 2024)) and Serbia Law on animals’ welfare (Sl. list RS 41/09
at: https://www.paragraf.rs/propisi/zakon_o_dobrobiti_zivotinja.html (accessed on 8 July 2024)),
ethical review permissions is not needed for scientific research which include alternative models such
as Drosophila.

Informed Consent Statement: Not applicable.

Data Availability Statement: The raw data supporting the conclusions of this article will be made
available by the authors on request.

https://www.mdpi.com/article/10.3390/ijms25147949/s1
https://www.mdpi.com/article/10.3390/ijms25147949/s1
https://www.nc3rs.org.uk/the-3rs
https://eur-lex.europa.eu/eli/dir/2010/63/oj
https://eur-lex.europa.eu/eli/dir/2010/63/oj
https://www.paragraf.rs/propisi/zakon_o_dobrobiti_zivotinja.html


Int. J. Mol. Sci. 2024, 25, 7949 14 of 16

Acknowledgments: Acknowledgements to the whole Zantiks Ltd., team for providing ready sup-
port with the equipment whenever needed. We would like to express our gratitude to Mark Wu,
who is affiliated with the Department of Neurology and the Department of Neuroscience at Johns
Hopkins University School of Medicine (Baltimore, MD, USA) for all his consultations, suggestions,
and support during this study. Special thanks to Nenad Dunjic and Nevena Pejovic Strahinja for
technical support.

Conflicts of Interest: Over the past 24 months, Dejan B. Budimirovic, MD, has received funding
from Zynerba Pharmaceuticals (ZYN2-CL-017, ZYN2-CL-033) and Tetra Discovery Partners, Inc.
(BPN14770-CNS-204, BPN14770-CNS-301, BPN14770-CNS-302) as an investigator on the listed five
clinical trials in individuals with fragile X syndrome (FXS). He has also received funding from the
CDC (RFA-DD-21-002). All the above funding has been directed to the Kennedy Krieger Institute/the
Johns Hopkins Medical Institutions, meaning that Budimirovic receives no personal funds, and the
Institute has no relevant financial interest in any of the commercial entities listed. All other authors
declare no conflicts of interest.

References
1. Verkerk, A.J.M.H.; Pieretti, M.; Sutcliffe, J.S.; Fu, Y.-H.; Kuhl, D.P.A.; Pizzuti, A.; Reiner, O.; Richards, S.; Victoria, M.F.; Zhang, F.;

et al. Identification of a Gene (FMR-1) Containing a CGG Repeat Coincident with a Breakpoint Cluster Region Exhibiting Length
Variation in Fragile X Syndrome. Cell 1991, 65, 905–914. [CrossRef]

2. Feng, G.; Deák, P.; Chopra, M.; Hall, L.M. Cloning and Functional Analysis of TipE, a Novel Membrane Protein That Enhances
Drosophila Para Sodium Channel Function. Cell 1995, 82, 1001–1011. [CrossRef]

3. Weiler, I.J.; Irwin, S.A.; Klintsova, A.Y.; Spencer, C.M.; Brazelton, A.D.; Miyashiro, K.; Comery, T.A.; Patel, B.; Eberwine, J.;
Greenough, W.T. Fragile X Mental Retardation Protein Is Translated near Synapses in Response to Neurotransmitter Activation.
Proc. Natl. Acad. Sci. USA 1997, 94, 5395–5400. [CrossRef] [PubMed]

4. Richter, J.D.; Zhao, X. The Molecular Biology of FMRP: New Insights into Fragile X Syndrome. Nat. Rev. Neurosci. 2021, 22,
209–222. [CrossRef] [PubMed]

5. Higashimori, H.; Morel, L.; Huth, J.; Lindemann, L.; Dulla, C.; Taylor, A.; Freeman, M.; Yang, Y. Astroglial FMRP-Dependent
Translational down-Regulation of mGluR5 Underlies Glutamate Transporter GLT1 Dysregulation in the Fragile X Mouse. Human.
Mol. Genet. 2013, 22, 2041–2054. [CrossRef]

6. Salcedo-Arellano, M.J.; Hagerman, R.J.; Martínez-Cerdeño, V. Fragile X syndrome: Clinical presentation, pathology and treatment.
GMM 2023, 156, 3599. [CrossRef]

7. Wang, H. Developmentally-Programmed FMRP Expression in Oligodendrocytes: A Potential Role of FMRP in Regulating
Translation in Oligodendroglia Progenitors. Human. Mol. Genet. 2003, 13, 79–89. [CrossRef] [PubMed]

8. Tassone, F. Newborn Screening for Fragile X Syndrome. JAMA Neurol. 2014, 71, 355. [CrossRef]
9. Devitt, N.; Gallagher, L.; Reilly, R. Autism Spectrum Disorder (ASD) and Fragile X Syndrome (FXS): Two Overlapping Disorders

Reviewed through Electroencephalography—What Can Be Interpreted from the Available Information? Brain Sci. 2015, 5, 92–117.
[CrossRef]

10. Huddleston, L.B.; Visootsak, J.; Sherman, S.L. Cognitive Aspects of Fragile X Syndrome. WIRES Cogn. Sci. 2014, 5, 501–508.
[CrossRef]

11. Tassone, F.; Hagerman, R.J.; Iklé, D.N.; Dyer, P.N.; Lampe, M.; Willemsen, R.; Oostra, B.A.; Taylor, A.K. FMRP Expression as a
Potential Prognostic Indicator in Fragile X Syndrome. Am. J. Med. Genet. 1999, 84, 250–261. [CrossRef]

12. Kaufmann, W.E.; Kidd, S.A.; Andrews, H.F.; Budimirovic, D.B.; Esler, A.; Haas-Givler, B.; Stackhouse, T.; Riley, C.; Peacock, G.;
Sherman, S.L.; et al. Autism Spectrum Disorder in Fragile X Syndrome: Cooccurring Conditions and Current Treatment. Pediatrics
2017, 139, S194–S206. [CrossRef] [PubMed]

13. Protic, D.D.; Aishworiya, R.; Salcedo-Arellano, M.J.; Tang, S.J.; Milisavljevic, J.; Mitrovic, F.; Hagerman, R.J.; Budimirovic, D.B.
Fragile X Syndrome: From Molecular Aspect to Clinical Treatment. IJMS 2022, 23, 1935. [CrossRef] [PubMed]

14. Thurman, A.J.; McDuffie, A.; Hagerman, R.; Abbeduto, L. Psychiatric Symptoms in Boys with Fragile X Syndrome: A Comparison
with Nonsyndromic Autism Spectrum Disorder. Res. Dev. Disabil. 2014, 35, 1072–1086. [CrossRef] [PubMed]

15. Hagerman, R.J.; Hagerman, P.J. (Eds.) Fragile X Syndrome and Premutation Disorders: New Developments and Treatments; Mac Keith
Press: London, UK, 2020; ISBN 978-1-911612-38-4.

16. Bailey, D.B.; Raspa, M.; Olmsted, M.; Holiday, D.B. Co-occurring Conditions Associated with FMR1 Gene Variations: Findings
from a National Parent Survey. Am. J. Med. Genet. Pt. A 2008, 146A, 2060–2069. [CrossRef]

17. Saldarriaga, W.; Tassone, F.; González-Teshima, L.Y.; Forero-Forero, J.V.; Ayala-Zapata, S.; Hagerman, R. Fragile X Syndrome.
Colomb. Med. 2014, 45, 190–198. [CrossRef]

18. Protic, D.; Salcedo-Arellano, M.J.; Dy, J.B.; Potter, L.A.; Hagerman, R.J. New Targeted Treatments for Fragile X Syndrome. CPR
2019, 15, 251–258. [CrossRef]

https://doi.org/10.1016/0092-8674(91)90397-H
https://doi.org/10.1016/0092-8674(95)90279-1
https://doi.org/10.1073/pnas.94.10.5395
https://www.ncbi.nlm.nih.gov/pubmed/9144248
https://doi.org/10.1038/s41583-021-00432-0
https://www.ncbi.nlm.nih.gov/pubmed/33608673
https://doi.org/10.1093/hmg/ddt055
https://doi.org/10.24875/GMM.M19000322
https://doi.org/10.1093/hmg/ddh009
https://www.ncbi.nlm.nih.gov/pubmed/14613971
https://doi.org/10.1001/jamaneurol.2013.4808
https://doi.org/10.3390/brainsci5020092
https://doi.org/10.1002/wcs.1296
https://doi.org/10.1002/(SICI)1096-8628(19990528)84:3%3C250::AID-AJMG17%3E3.0.CO;2-4
https://doi.org/10.1542/peds.2016-1159F
https://www.ncbi.nlm.nih.gov/pubmed/28814540
https://doi.org/10.3390/ijms23041935
https://www.ncbi.nlm.nih.gov/pubmed/35216055
https://doi.org/10.1016/j.ridd.2014.01.032
https://www.ncbi.nlm.nih.gov/pubmed/24629733
https://doi.org/10.1002/ajmg.a.32439
https://doi.org/10.25100/cm.v45i4.1810
https://doi.org/10.2174/1573396315666190625110748


Int. J. Mol. Sci. 2024, 25, 7949 15 of 16

19. Budimirovic, D.B.; Protic, D.D.; Delahunty, C.M.; Andrews, H.F.; Choo, T.; Xu, Q.; Berry-Kravis, E.; Kaufmann, W.E.; FORWARD
Consortium. Sleep Problems in Fragile X Syndrome: Cross-sectional Analysis of a Large Clinic-based Cohort. Am. J. Med. Genet.
Pt. A 2022, 188, 1029–1039. [CrossRef]

20. Jenkins, V.K.; Larkin, A.; Thurmond, J. The FlyBase Consortium Using FlyBase: A Database of Drosophila Genes and Genetics.
In Drosophila; Dahmann, C., Ed.; Methods in Molecular Biology; Springer: New York, NY, USA, 2022; Volume 2540, pp. 1–34,
ISBN 978-1-07-162540-8.

21. Dahlhaus, R. Of Men and Mice: Modeling the Fragile X Syndrome. Front. Mol. Neurosci. 2018, 11, 41. [CrossRef]
22. Drozd, M.; Bardoni, B.; Capovilla, M. Modeling Fragile X Syndrome in Drosophila. Front. Mol. Neurosci. 2018, 11, 124. [CrossRef]

[PubMed]
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