
Sleeping in the context of Fragile X syndrome, a complex
relationship.

The e�ects of Fragile X syndrome and sleep deprivation on the
glutamatergic signaling pathway

Jippe Jansman
S4008448
J.T.Jansman@student.rug.nl

Supervisor:
prof. dr. R. (Robbert) Havekes
University of Groningen
Bachelor's thesis Life Sciences

mailto:J.T.Jansman@student.rug.nl


Table of contents

Summary.................................................................................................................... 2
Introduction............................................................................................................... 3
The e�ects of Fragile X Syndrome on brain function........................................ 5
The e�ects of sleep deprivation on brain function............................................. 7
Sleep deprivation in Fragile X Syndrome patients………………………………....9
Discussion.................................................................................................................. 11
Literature list............................................................................................................ 14

1



Summary

Fragile X syndrome FXS is a genetic disorder primarily caused by a mutation in the Fragile X
Mental Retardation 1 (FMR1) gene, characterized by a large number of CGG triplet repeats.
Individuals a�ected by the disorder can su�er from a range of di�erent physical and cognitive
abnormalities. In addition to the cognitive impairment already seen in FXS patients, the disorder
also causes sleep deprivation (SD). SD can also lead to cognitive impairments to some degree,
which might add to the severity of symptoms in FXS patients. In this review, the molecular
pathways underlying the cognitive impairment caused by FXS and SD will be discussed.
Furthermore, the cause of SD in FXS patients will be evaluated to understand the relationship
between the two conditions and to assess possible additive e�ects. FXS cognitive impairment is
likely caused by its e�ect on metabotropic glutamate receptors (mGluRs), through the absence of
FMRP. Dysregulation of mGluRs leads to altered long-term depression (LTD) and long-term
potentiation (LTP). AMPA receptors critical for fast excitatory transmission and synaptic
plasticity are also a�ected by FMRP absence. These factors together have a major negative
impact on cognition by altering neural signaling. SD also negatively a�ects cognitive function by
compromising long-term potentiation (LTP) and long-term depression (LTD) in the
hippocampus. SD alters glutamatergic signaling, reduces NMDA-mediated LTP, increases GABA
receptor expression, and a�ects FMRP levels, contributing to cognitive impairment. The fact
that both SD and FXS significantly a�ect cognition is interesting as SD is more prevalent in FXS
patients. The absence of FMRP likely contributes to sleep disturbances in FXS patients, which
could then cause additional loss of cognitive ability. Current research explores various treatment
approaches for FXS, including restoring FMRP levels or targeting a�ected neural pathways.
While promising, these treatments have yet to yield significant clinical success. Treating
symptoms like SD may o�er interim solutions while researchers continue to investigate
underlying mechanisms and potential therapies for FXS.
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Introduction
Fragile X syndrome (FXS) is a genetic
X-linked disorder first described in 1943
(Martin & Bell, 1943) for its significant e�ect
on behavior and cognitive development and
behavior. It is the most prevalent inherited
cause of mental disability and autism
spectrum disorder (ASD), and it a�ects
about 1 in 7,000 males and 1 in 11,000 females.
A�ected individuals can show a range of
symptoms including hyperactivity,
impulsivity and anxiety, seizures, and poor
language development (Hagerman et al.,
2017). FXS also causes several abnormal
physical features for example flat feet, a long
face, and hyperextensible joints
(Dew‐Hughes, 2003; Hagerman et al., 2017).
Males typically show more severe mental
disability and physical abnormality, whereas
females more often show symptoms linked
with learning disabilities or social-emotional
di�culties (Bartholomay et al., 2019). The
di�erence in expression of the disorder has
to do with the alternative X chromosome
that females possess which males do not.
The syndrome is primarily caused by a
mutation in the Fragile X Mental
Retardation 1 (FMR1) gene, which is
characterized by a large number of CGG
triplet repeats. These repeats range from 5
to 54 in normal alleles, 55 to 200 in
pre-mutation alleles, and over 200 repeats in
alleles in the full mutation range (Bagni et
al., 2012). The severity of symptoms strongly
correlates with the number of repeats, and
therefore also with the levels of FMRP.
Individuals in the pre-mutation range
mostly have normal intellectual functioning,
whereas individuals possessing a complete

mutation leading to the manifestation of
FXS often show severe cognitive
impairment. Full mutation FXS comes with
a high likelihood of developing ASD or
pervasive developmental disorder—not
otherwise specified (PDD-NOS) (Harris et
al., 2008). Individuals with a pre-mutation
also have a predisposition to su�er from
developmental disorders however the
disorders are generally not as frequent or
severe as the full mutation (Hagerman et al.,
2011; Hagerman et al., 1992). We have now
seen that FXS is a serious genetic condition
with many morphological and
developmental abnormalities. Besides these
symptoms, FXS patients also su�er from
sleep deprivation (SD) at a higher rate than
normal (Kronk et al., 2010; Gould et al.,
2000). Abnormal sleep behavior has been
linked to many health deficits including
increased risk for cardiovascular diseases
and cancer (Faith et al., 2012). Sleep is also
one of the most important processes in the
brain that facilitates normal cognitive
functioning and SD or a deviation from
normal sleep patterns causes impaired
memory consolidation, attention deficits,
and a lower IQ (Graves et al., 2003; Abel et
al., 2013; van Dongen et al., 2003; Wang et
al., 2013). These symptoms of SD largely
overlap with symptoms of FXS and
therefore could add to its detrimental e�ects.
This suggests minimizing SD in FXS
patients might reduce some of the
detrimental e�ects seen in FXS. While a
cure for FXS would certainly be better,
research has to this day been unsuccessful in
providing e�ective clinical treatment
(Jalnapurkar et al., 2019). On the other hand,
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research on SD is well-established and there
are many known methods to improve sleep
quality. The reason that this type of research
is very prevalent is that besides FXS patients
many more people in today's population
would benefit from a remedy for SD. A great
number of individuals in modern society
su�er from sleep deprivation (SD) and it has
become an increasingly large problem in the
past decades. There are various reasons for
SD to occur, irregular work hours or night
shifts, stress, and sleep apnea just to name a
few. From 1910 to 1963 adolescents in
America slept on average 1,5 hours less
(Webb & Agnew, 1975). Additionally, >30%
of Americans 30-64 years of age slept less
than 6 hours per night on average (Faith et
al., 2012). Now we know that SD and FXS
both have a large impact on society,
especially the cognitive deficits that can
severely a�ect normal functioning in society,
and diminishing the negative e�ects of these
conditions would therefore help the general
population to function better. As
understanding a condition lies at the basis of
finding a clinical solution, much research
shows the mechanisms underlying both SD
and FXS. As of now the best supported
hypothesis for the cognitive impairments
seen in FXS are likely caused mostly by a
defect in the glutamatergic system.
Interestingly this is also one of the many
signaling pathways negatively a�ected by
SD (Havekes et al., 2012; Havekes &
Abel.,2017). This signaling system works
through the neurotransmitter glutamate
which binds to two main types of receptors:
N-methyl-d-aspartate (NMDA) and alpha
amino-3-hydroxy-5-methyl-4-isoxazolepropi

onic acid receptors (AMPA). The system
has a core function in learning and memory
formation, synaptic plasticity, and long-term
potentiation (Fairman & Amara, 1999; Alix
& De Jesus Domingues, 2011), and many
brain pathologies have been linked to the
glutamatergic signaling pathway including
neurodegenerative diseases like Alzheimer's
and Parkinson's disease (Ribeiro et al., 2010).
It is important to understand the
relationship between FXS and SD by
looking at the mechanisms through which
FXS could induce SD. This can tell us
whether SD is caused on a molecular level
by the genetic defect, or on a behavioral
basis, and is crucial for developing a
treatment for SD in FXS individuals.
Combined with a better understanding of
the way the glutamatergic system is a�ected
this provides insight into how cognitive
functioning is impaired. This will allow us
to compare similarities and di�erences
between the e�ects of SD and FXS at the
molecular level, which will help to unravel
the relationship between the two. In this
review, the e�ects of FXS and SD on
cognition and glutamatergic signaling will
be discussed. Additionally, the mechanisms
through which FXS could induce SD will
also be discussed. The relationship between
the two conditions will be evaluated and the
possible additive negative e�ects will be
discussed.
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The e�ects of Fragile X Syndrome
on brain function
To understand the relationship between FXS
and SD we must have an overview of the
e�ects that FXS and SD have on cognition.
For understanding the e�ects of FXS it is
important to first understand the underlying
genetic defect and the implications of this
defect at the molecular level in the brain.
First, we will look at the genetic cause of the
disease, then we will look at the e�ect this
genetic defect has on brain signaling. This is
important if we want to say something about
the di�erences and similarities between the
pathology of SD and FXS.
FXS is a genetic disease caused by a
mutation of the FMR1 gene, the gene is
located on the X chromosome coinciding
with a folate-sensitive Fragile site (Fryns et
al 1984). FMR1 is a region consisting of CGG
triplet repeats, an abnormally large number
of repeats can disrupt gene expression, and
for >200 repeats the genetic defect leads to
FXS (Figure 1). In the wildtype allele, the
cytosine nucleotides in the FMR1 gene are
methylated in the promoter region but not
near the CGG repeat region. There appears
to be a ‘boundary’ for methylation close to
the CGG repeat region in the FMR1 gene
(Naumann et al., 2009). Individuals a�ected
by FXS are characterized by cytosine
methylation from the CGG repeat region up
until the promoter region; this additional
methylation causes gene transcription to
malfunction at an early age (Pieretti et al.,
1991). This malfunction results in the lack of

the corresponding protein product, FMRP
(Js et al., 1992). FMRP is a protein that
a�ects many molecular processes both inside
and outside the brain and its expression is
largely conserved throughout the animal
kingdom (Mcbride et al., 2005). Many
mRNAs within the neuronal cytoplasm that
code for both pre and postsynaptic proteins
are not regulated in the absence of FMRP
(De Rubeis et al., 2012). The FMRP absence
causes an increase in multiple proteins that
play a role in receptor internalization and
cytoskeleton remodeling, while
simultaneously also causing a decrease in
the translation of other proteins in the brain
due to impaired stability of their mRNAs
(Figure 2). This change in receptor
distribution and protein synthesis results in
changes in signal transduction thus also
changing the way the brain processes
information.
The most well-described theory of how the
absence of FMRP diminishes brain function
is the mGlur theory of fragile x mental
retardation. mGluRs are metabotropic
glutamate receptors, group 1 mGluRs are
influenced by FMRP presence and are
therefore often used for research on FXS,
this group consists of mGluR1 and mGluR5.
The areas of expression of these two
subtypes di�er significantly, MGluR1
staining is most intense in Purkinje cells of
the Cerebellar cortex, and in tufted cells in
the olfactory bulb. Alternatively, mGluR5 is
found mostly in the   cerebral cortex,
hippocampus, and the olfactory bulb.
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mGluRs play an important role in regulating
receptor expression in the postsynaptic
membrane and are shown to facilitate both
long-term depression (LTD) and Long-term
potentiation (LTP), two processes at the
center of memory formation (Lüscher &
Huber, 2010; Bailey & Kandel, 1993). These
processes cause long-term reversible changes
in the structure of a synapse and are widely
accepted as molecular processes important
for memory and learning. Additionally, the
absence of FMRP can negatively a�ect
AMPA receptor insertion and function.
AMPA receptors are complex structures
located in the postsynaptic membrane
composed of four subunits, each of which
can bind to the neurotransmitter glutamate.
These receptors play a key role in fast
excitatory transmission within the central
nervous system and are intricately linked to
processes related to memory and synaptic
plasticity in the hippocampus (Dubiela et al.,
2013; Lynch, 2004). AMPA receptors play an
important role in the normal development
of the synapse and disruption of AMPA
signaling pathways can lead to impaired
neuronal plasticity, and subsequently to
learning disabilities (Guo et al., 2011;
Muddashetty et al., 2007; Wu et al., 2007).
The increase of mGluR1 and mGluR5 and
the reduction of glutamatergic AMPA
receptors in the postsynaptic membrane in
the CA1 region of the hippocampus and the
cerebellum leads to enhanced mGluR LTD
in the hippocampus and the cerebellum
(Nakamoto et al., 2007). This is supported by
the observation that a reduction of mGluR5
in Fmr1 KO mice partly reverses cognitive

deficits seen in Fmr1 KO mice (Dölen et al.,
2007). Nagamoto et al (2007) show that the
absence of FMRP also causes AMPA
receptor internalization in the postsynaptic
membrane, which could lower the
excitability of a neuron. Furthermore,
Danesi et al (2019) demonstrate that changes
in Ca2+ influx and AMPA receptor function
alterations may contribute to the pathology
of FXS. This is further supported by Achuta
et al. (2018), who show that AMPA receptor
permeability to Ca2+ is increased in FXS due
to a decreased expression of subunit GluA2
in human neuronal progenitor cells. The
study also reveals that blocking AMPA
receptors lacking this subunit restores
neuronal function. Combined these findings
tell us that the absence of FMRP due to FXS
has a major impact on the function and
localization of the AMPA receptor. FMRP
absence causes a lot of dysfunctions in the
body and the brain, and both mGlur and
AMPA receptor expression are severely
a�ected. This indicates that the
glutamatergic pathway is severely a�ected
by FXS and that this pathway is at the basis
of its brain pathology.
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The e�ects of sleep deprivation on
brain function
For us to understand the relationship
between SD and FXS, it is important to get
an understanding of how the two a�ect
brain function separately before we can say
something about the association between
the two conditions. Therefore, we will first
look at the e�ect SD has on glutamatergic
signaling and cognition. Sleep helps to keep
the brain and the body functioning
optimally, and it is universally conserved
throughout the animal kingdom. It is of

paramount importance to various processes
including hormone release, glucose
management, and neural plasticity (Gorgoni
et al., 2013; Van Cauter et al., 2008). SD
disrupts these critical processes and can
therefore lead to several physical and mental
issues. One of the best-described
complications SD has on humans is the
negative e�ects it has on human brain
function. One of the a�ected brain areas
which is of particular interest is the
hippocampus. The hippocampus is involved
in the formation of new memories and
working memory and therefore central to a
normally functioning human brain. An
array of studies show that SD harms
learning and memory in the hippocampus
(S. J. Martin et al., 2000). The disrupted
mechanisms in the hippocampus include
LTP and LTD, which are paramount to
memory formation and consolidation. Total
SD or sleep fragmentation diminishes LTP
in rats,
using recordings of hippocampal Scha�er
collateral CA1 synapses (Tartar et al., 2006;
Campbell et al., 2002). LTP is also
diminished when only REM SD occurs
using the multiple-platform technique. One
of the mechanisms behind this is
NMDA-mediated LTP. NMDA is a calcium
ion channel that binds glutamate, and it is
central to the induction of LTP in neurons.
This type of LTP is induced by activating
kinases that cause an increase of AMPA
receptors in the membrane, or an increase in
channel conductivity (Hayashi et al., 2000;
Poncer et al., 2002). Increased internalization
of this receptor type consequently causes
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diminished LTP. McDermott et al. (2006)
show that NMDA receptor internalization
was increased after 72h SD and that an
NMDA receptor agonist reversed the
negative e�ects of SD on LTP in rats
(figures 3 and 4). This is further supported
by Hagewoud et al. (2009) who showed a
reduction in phosphorylation of AMPA
receptors in the hippocampus. (figure 5)
AMPA phosphorylation is important for
successfully incorporating the receptors into
the membrane, and a reduction therefore
causes a decrease of AMPA in the
membrane. Lastly, McDermott et al (2006)
show that NMDA receptor internalization
was increased after 72h SD.

Figure 4

fEPSP pot. of sleep-deprived rats with and without
glycine treatment. The untreated SD rats show a
significant decrease, while the treated SD rats do not
di�er significantly from the control group. *P<0.05
from McDermo�, C. M., Hardy, M., Bazán, N. G., &
Magee, J. C. (2006). Sleep deprivation‐induced
alterations in excitatory synaptic transmission in the CA1
region of the rat hippocampus. The Journal of
Physiology, 570(3), 553–565.
h�ps://doi.org/10.1113/jphysiol.2005.093781
Figure 5

(a) immunoreactive bands forGluR1 and S845
phosphorylation in the membrane fraction. (b) 6h and 12h
SD show no significant e�ect on GluR1 subunit levels. (c)
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6h and 12h SD e�ects on phosphorylation at the
GluR1-S845 site. 12h SD shows a significant decrease.
*p<0.05. From Hagewoud, R., Havekes, R., Novati, A.,
Keijser, J., Van Der Zee, E. A., & Meerlo, P. (2009). Sleep
deprivation impairs spatial working memory and reduces
hippocampal AMPA receptor phosphorylation. Journal
of Sleep Research, 19(2), 280–288.
h�ps://doi.org/10.1111/j.1365-2869.2009.00799.x

Besides LTP, SD enhances LTD in the CA1
region of the hippocampus. SD increases the
expression of subtypes of γ- Aminobutyric
acid (GABA) receptors, and increases the
expression of subtype mGlu1αR in the
hippocampus. GABA receptors induce
inhibition in the CNS by activation of
metabotropic GABAb receptors, and
ionotropic GABAa/GABAc receptors. Both
these subtypes have a significant negative
e�ect on the excitability of a neuron.
Additionally, the increased expression of
subtype mGlu1αR can also lead to enhanced
mGlur-LTD (Tadavarty et al., 2009; Stelzer,
1992). SD also appears to a�ect FMRP
concentration. Kwon et al. (2015) showed
that FMRP levels are reduced in the
hippocampus of sleep-deprived rats. As
mentioned before, a lower amount of FMRP
could be a leading cause of enhanced
mGluR-LTD, contributing to the lower
levels of AMPA receptors in the
postsynaptic membrane.
Lastly, SD might a�ect the cholinergic
signaling pathway as well. Cholinergic
signaling is significant for memory
formation and there are two types of
cholinergic receptors present in the body,
muscarinic receptors, and nicotinic
receptors. Of these two types, the
muscarinic receptors are particularly
important for memory (Havekes et al., 2011).

Salín-Pascual et al. (1998) show that the
amount of cholinergic muscarinic M2
receptors in the pons and hippocampus is
reduced after REM SD. While this implies
that SD a�ects Cholinergic signaling,
di�erent studies show conflicting evidence
(Ca et al., 1995; Moreira et al., 2003; Nunes et
al., 1994). These di�erences might result
from how the experiments were set up. In
any case, more research is needed to find
more reliable results. Collectively these
studies show that SD has a diminishing
e�ect on multiple important pathways at the
basis of synaptic plasticity and memory.

Sleep deprivation in Fragile X
Syndrome patients
We have now looked at FXS and SD as two
separate conditions that a�ect cognitive
functioning and several molecular
mechanisms. To be able to better
understand the relationship between the
two, we must understand the pathology of
SD in FXS patients. This allows us to see
whether SD in FXS is directly caused by the
disorder or if di�erent mechanisms are at
play. As mentioned before, FXS phenotypes
struggle with sleep abnormalities at an
above-average rate. The abnormalities
include SD, frequent wakefulness, and
trouble falling asleep. These abnormalities
severely reduce sleep quality which is
detrimental to cognitive performance
(Alhusseini et al., 2022). This could add to
the cognitive malfunctioning already seen in
FXS patients. The absence of FMRP due to
FXS likely is one of the major factors
causing sleep abnormalities. Bushey et al.
(2009) found that FMR1 amorphs or
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hypermorphs in drosophila show altered
sleep homeostasis, impaired waking
performance, and lack of rebound sleep after
SD. In addition, FMR1 defects cause altered
circadian behavior in mice models (Zhang et
al., 2008). This is further supported by a
recent study that showed that a human
FMRP isoform injected into postnatal mice
partly reduced the fear response, seizures,
and sleep abnormalities observed in
untreated Fmr1 KO mice (Wong et al., 2023).
Lastly, Weigend et al (2019) imply that
mGluR5 and FMRP play an important role
in the sleep-wakefulness cycle. A possible
mechanism through which FXS could cause
SD is through melatonin regulation.
Melatonin is a hormone produced primarily
in the pineal gland, its most important
function in humans is the regulation of
circadian rhythms. Its release is regulated in
the suprachiasmatic nucleus (Barrenetxe et
al., 2004), and besides regulating the
sleep-wakefulness cycle, melatonin also
plays a key role in the regulation of sex
hormones (Yu et al., 2018). Numerous
chronobiological studies have shown that
the disruption of melatonin release can
result in compromised sleep quality (Boyko
et al., 2017; Ahmad et al., 2020; Vitale et al.,
2014). Gould et al. (2000) show that FXS
individuals have significantly higher levels of
melatonin in the blood during nighttime.
FXS individuals also show much greater
variation in melatonin levels than normal
individuals. Gould et al. (2000) propose
various mechanisms through which FXS
could cause heightened melatonin secretion.
The first proposed mechanism is receptor
insensitivity due to Immature spine

morphology caused by FMRP absence.
Another hypothesis is that hyperactivity of
the sympathetic nervous system seen in FXS
patients causes an increase in melatonin
secretion. The third proposed mechanism
through which FXS may induce SD is
through its possible e�ect on the
transcriptional regulation of serotonin
N-acetyltransferase. FMRP absence could
alter the transcription of proteins involved in
this pathway. These are however
speculations, and more research is needed to
be able to confirm one of these hypotheses.
Lastly, a study done by Kronk et al. (2010) on
FXS individuals and their sleep patterns
revealed that the individuals with more
severe behavioral and physiological
symptoms consequently have a higher
chance of sleep abnormalities. As we know
the severity of symptoms is correlated with
FMRP levels, this further supports the
connection between lowered levels of FMRP
and sleep abnormalities. Together, these
findings suggest that a large part of the SD
seen in FXS patients is indeed caused by the
absence of the FMRP protein. And possible
clinical solutions for FXS will likely also
abolish the sleep abnormalities seen in FXS.
As a clinical solution for FXS is not in sight
yet, looking at the mechanisms through
which FXS induces SD to devise a treatment
for SD in FXS patients might be a better
alternative for now.
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Discussion
We have discussed the impact of both SD
and FXS on molecular signaling pathways in
the brain, with an emphasis on
glutamatergic signaling. The relationship
between FXS and SD is outlined ultimately
to better understand the combined e�ects of
SD and FXS on the glutamatergic system.
Both conditions are detrimental to cognitive
function and harm glutamatergic signaling
(figure 6). SD negatively a�ects LTP and
LTD by compromising NMDA and AMPA
receptor function by increased
internalization of both. Additionally, SD also
causes an increase in expression of GABA
receptors which significantly decreases the
excitability of a neuron. Lastly, SD
influences FMRP levels in the Hippocampus
which could contribute to lower amounts of
AMPA incorporated into the membrane.
The best-described hypothesis which
describes the detrimental e�ects of FXS on
cognitive performance is the mGlur theory
of fragile x mental retardation. The theory is
supported by research showing an increase
in mGlur1 and mGlur5 in the membrane,
and an increase in AMPA receptor
internalization through the absence of
FMRP. This leads to enhanced mGlur-LTD.
SD and FXS are intricately linked as sleep
problems are more prevalent in FXS
individuals. Furthermore, there appears to
be a correlation between the severity of FXS
symptoms and the degree of SD. Both SD
and FXS Negatively a�ect LTP and LTD
through increased internalization of AMPA
receptors. This is caused by an increased
phosphorylation of AMPA receptors and a
decrease in NMDA-mediated LTP.

Along with this comes a decrease in FMRP
which might cause additional AMPA
internalization. For FXS the increase in
mGlur1 and mGlur5, and the decrease of
AMPA in the postsynaptic membrane
through the absence of FMRP are thought
to be the main reasons for disrupted LTP
and LTD.
Important to point out is that FMRP levels
seem to be a�ected in healthy individuals
due to SD. Interestingly, in FXS individuals
there is no FMRP present. Therefore, the
reduction in FMRP due to SD is impossible
for FXS patients and the e�ects of FXS
negate the e�ect of SD on FMRP levels.
This means that FXS might limit the
negative e�ects of SD on the brain to some
degree. We have looked at the e�ects of both
SD and FXS separately on brain pathways,
and there seem to be some di�erences in the
mechanisms that are a�ected. An interesting
di�erence between FXS and SD is that as of
now research shows that FXS mainly
influences the glutamatergic signaling
through increasing mGlur prevalence in the
postsynaptic membrane, alongside its e�ect
on AMPA receptors. SD on the other hand,
mainly influences the glutamatergic system
through a reduction of NMDA-mediated
LTP, and an increase in the expression of
GABA receptors, besides its e�ects on
AMPA receptors. Important to note here is
that SD and FXS act on di�erent
mechanisms through which LTP and LTD
are a�ected. Therefore, the e�ects could act
alongside one another and can lead to
additive negative e�ects on cognitive
function.
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We have seen that SD is likely caused by
FXS to some degree and that SD partly
works on di�erent pathways in the brain
that a�ect cognitive function. This means
that FXS-induced SD is another mechanism
through which the genetic defect diminishes
cognitive function. However, more research
is needed on SD in combination with FXS to
confirm this. This finding can also be
considered when looking into treatment
options. As of now, there are no e�ective
treatments for FXS, and looking into
treatment of the symptoms rather than the
root cause of the disease might be more
within reach. Currently, there are two
possible methods described; reactivation of
the fmr1 gene, or rescuing pathways a�ected
by the absence of FMRP in the brain
(Kumari et al., 2019). Restoring the FMRP
deficit if achieved will likely be a better
treatment option than rescuing the
pathways a�ected. However, this has been
proven to be a di�cult feat as no treatment
has shown a significant e�ect as of yet. One
key aspect to note here is that most of the
research on SD and FXS is performed using
animal models, while they have shown
promising results with some treatments, the
findings do not always translate to humans.
When looking at human trials, treatment of
SD might prove more achievable, and will
also help to diminish some of the cognitive
defects seen in FXS patients. An example of
this is a study done by Wirojanan et al.
(2009), in which melatonin treatment of SD
shows promising results in FXS patients.
While the cognitive deficits might be
diminished to some degree, the signaling

defects caused by the absence of FMRP will
still be present.
For us to fully understand the depths of the
e�ects of FMRP on cognitive function more
research needs to be done. For this reason, it
is important to note some of the limitations
of this essay. First, this literature review
focused mainly on the glutamatergic system,
and as mentioned before FMRP is very
important for the transcription and
translation of an array of proteins in the
brain and body. Therefore, it does not only
a�ect the glutamatergic system but also
other important molecular pathways in the
body. This means that FMRP absence
dysregulates cognitive functioning through
alternative pathways that have not been
described as of now. Therefore, it is
important to keep a broader perspective
when looking at FXS ultimately to better
understand the disorder. The same can be
said for SD, as mentioned earlier not only
the glutamatergic signaling pathway is
negatively a�ected, but also cholinergic and
GABA-ergic signaling is compromised
because of SD. Especially for SD in FXS
individuals, more research is needed, as the
lack of FMRP might result in a di�erent
reaction to SD in FXS patients compared to
healthy individuals. Another point to
consider is that the citations in this review
focus mainly on the hippocampus as a target
area while both SD and FXS are known to
a�ect other brain regions like the amygdala
and the forebrain as well. These regions
might respond di�erently to FMRP absence
of SD and might have resulted in di�erent
conclusions. The hippocampus is used
because this is the most well-described
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region important for learning and memory,
which is crucial for normal cognitive
function.
In conclusion, research has shown that FXS
and SD both have a significant e�ect on
cognitive ability. Both have a significant
negative e�ect on glutamatergic signaling,
although the mechanisms through which
this e�ect is reached are di�erent between
the two. We have seen that FXS patients
struggle with SD at an above-average rate
which shows that the two are interlocked,
and it is likely that FMRP absence directly

causes the sleep abnormalities seen in the
patients. The relationship is interesting
when looking at clinical treatment for FXS.
Current studies are investigating the possible
substitution of FMRP in the brain, or
targeting a�ected neural pathways which are
a�ected by the absence of FMRP. While
some of these studies show promising
results, they have shown no clinical success
yet, and therefore a bottom-up approach
where treatments of the symptoms of FXS,
like SD, might be a better treatment option
in the meantime.

Figure 6

An overview of di�erent aspects of SD and FXS

13



Literature list

1. Abel, T., Havekes, R., Saletin, J. M.,
& Walker, M. P. (2013). Sleep,
Plasticity, and Memory from
Molecules to Whole-Brain Networks.
Current Biology, 23(17), R774–R788.
https://doi.org/10.1016/j.cub.2013.07.025

2. Achuta, V. S., Möykkynen, T., Peteri,
U., Turconi, G., Rivera, C.,
Keinänen, K., & Castrén, M. L.
(2018). Functional changes of AMPA
responses in human induced
pluripotent stem cell–derived neural
progenitors in fragile X syndrome.
Science Signaling, 11(513).
https://doi.org/10.1126/scisignal.aan878
4

3. Ahmad, M., Din, N. S. B. M.,
Tharumalay, R. D., Din, N. C.,
Ibrahim, N., Amit, N., Fauzi, N. F.
M., Osman, R. A., Hamid, M. F. A.,
Ibrahim, I. A., Jamsari, E. A., Palil,
M. R., & Ahmad, S. (2020). The
E�ects of Circadian Rhythm
Disruption on Mental Health and
Physiological Responses among Shift
Workers and General Population.
International Journal of
Environmental Research and Public
Health, 17(19), 7156.
https://doi.org/10.3390/ijerph17197156

4. Alhusseini, N., Ramadan, M.,
Almasry, Y., Atout, M., Hamsho, K.,

Mahmoud, M., Alnasser, S., &
Shakir, I. (2022). E�ects of sleep

quality on academic performance
and psychological distress among
medical students in Saudi Arabia.
Health Scope, 11(2).
https://doi.org/10.5812/jhealthscope-12
3801

5. Alix, J. J. P., & De Jesus Domingues,
A. M. (2011). White matter synapses:
Form, function, and dysfunction.
Neurology, 76(4), 397–404.
https://doi.org/10.1212/wnl.0b013e31820
88273

6. Bagni, C., Tassone, F., Neri, G., &
Hagerman, R. J. (2012). Fragile X
syndrome: causes, diagnosis,
mechanisms, and therapeutics.
Journal of Clinical Investigation,
122(12), 4314–4322.
https://doi.org/10.1172/jci63141

7. Bailey, C. H., & Kandel, E. R. (1993).
Structural changes accompanying
memory storage. Annual Review of
Physiology, 55(1), 397–426.
https://doi.org/10.1146/annurev.ph.55.0
30193.002145

8. Barrenetxe, J., Delagrange, P., &
Martinez, J. A. (2004). Physiological
and metabolic functions of
melatonin. Journal of physiology and
biochemistry, 60(1), 61-72

9. Bartholomay, K. L., Lee, C. H.,
Bruno, J. L., Lightbody, A. A., &
Reiss, A. L. (2019). Closing the
Gender Gap in Fragile X Syndrome:
Review on Females with FXS and
Preliminary Research Findings.
Brain sciences, 9(1), 11.
https://doi.org/10.3390/brainsci9010011

14

https://doi.org/10.1016/j.cub.2013.07.025
https://doi.org/10.3390/ijerph17197156
https://doi.org/10.5812/jhealthscope-123801
https://doi.org/10.5812/jhealthscope-123801
https://doi.org/10.1212/wnl.0b013e3182088273
https://doi.org/10.1212/wnl.0b013e3182088273
https://doi.org/10.1172/jci63141
https://doi.org/10.1146/annurev.ph.55.030193.002145
https://doi.org/10.1146/annurev.ph.55.030193.002145
https://doi.org/10.3390/brainsci9010011


10. Boyko, Y., Jennum, P., & Toft, P.
(2017). Sleep quality and circadian
rhythm disruption in the intensive
care unit: a review. Nature and
Science of Sleep, Volume 9, 277–284.
https://doi.org/10.2147/nss.s151525

11. Bushey, D., Tononi, G., & Cirelli, C.
(2009). TheDrosophilaFragile X
mental retardation gene regulates
sleep need. The Journal of
Neuroscience, 29(7), 1948–1961.
https://doi.org/10.1523/jneurosci.4830-
08.2009

12. Ca, K., Rk, Z., & Jc, G. (1995a). The
expression of m1-m3 muscarinic
receptor mRNAs in rat brain
following REM sleep deprivation.
NeuroReport, 6(12), 1705.
https://doi.org/10.1097/00001756-19950
8000-00027

13. Campbell, I. G., Guinan, M. J., &
Horowitz, J. M. (2002). Sleep
deprivation impairs Long-Term
potentiation in rat hippocampal
slices. Journal of Neurophysiology,
88(2), 1073–1076.
https://doi.org/10.1152/jn.2002.88.2.1073

14. Danesi, C., Keinänen, K., & Castrén,
M. L. (2019). Dysregulated
Ca2+-Permeable AMPA Receptor
Signaling in Neural Progenitors
Modeling Fragile X Syndrome.
Frontiers in synaptic neuroscience, 11,
2.
https://doi.org/10.3389/fnsyn.2019.000
02

15. De Rubeis, S., Fernández, E., Buzzi,
A., Di Marino, D., & Bagni, C. (2012).
Molecular and Cellular Aspects of

Mental Retardation in the Fragile X
Syndrome: From Gene Mutation/s to
Spine Dysmorphogenesis. In
Advances in Experimental Medicine
and Biology (pp. 517–551).
https://doi.org/10.1007/978-3-7091-0932
-8_23

16. Dew‐Hughes, D. (2003). Educating
Children with Fragile X Syndrome: A
Multi-Professional View.
https://edrev.asu.edu/index.php/ER/ar
ticle/view/443

17. Dölen, G., Osterweil, E., Rao, B. S.,
Smith, G. B., Auerbach, B. D.,
Chattarji, S., & Bear, M. F. (2007).
Correction of fragile X syndrome in
mice. Neuron, 56(6), 955-962.

18. Dubiela, F. P., De Queiroz, C. M. T.,
Di Monteiro Moreira, K., Nóbrega, J.
N., Sita, L. V., Tufik, S., & Hipólide,
D. C. (2013). AMPA receptors
mediate passive avoidance deficits
induced by sleep deprivation.
Behavioural Brain Research, 257,
189–196.
https://doi.org/10.1016/j.bbr.2013.09.037

19. Fairman, W. A., & Amara, S. G.
(1999). Functional diversity of
excitatory amino acid transporters:
ion channel and transport modes.
American Journal of
Physiology-renal Physiology, 277(4),
F481–F486.
https://doi.org/10.1152/ajprenal.1999.27
7.4.f481

20. Faith S. Luyster, Patrick J. Strollo,
Phyllis C. Zee, James K. Walsh,
(2012)Sleep: A Health Imperative,

15

https://doi.org/10.2147/nss.s151525
https://doi.org/10.1523/jneurosci.4830-08.2009
https://doi.org/10.1523/jneurosci.4830-08.2009
https://doi.org/10.1097/00001756-199508000-00027
https://doi.org/10.1097/00001756-199508000-00027
https://doi.org/10.1152/jn.2002.88.2.1073
https://doi.org/10.3389/fnsyn.2019.00002
https://doi.org/10.3389/fnsyn.2019.00002
https://doi.org/10.1007/978-3-7091-0932-8_23
https://doi.org/10.1007/978-3-7091-0932-8_23
https://edrev.asu.edu/index.php/ER/article/view/443
https://edrev.asu.edu/index.php/ER/article/view/443
https://doi.org/10.1016/j.bbr.2013.09.037
https://doi.org/10.1152/ajprenal.1999.277.4.f481
https://doi.org/10.1152/ajprenal.1999.277.4.f481


Sleep, 35, 727–734,
https://doi.org/10.5665/sleep.1846

21. Fryns, J., Kleczkowska, A., Kubień,
E., & Van Den Berghe, H. (1984).
Cytogenetic Findings in Moderate
and Severe Mental Retardation A
Study of an Institutionalized
Population of 1991 Patients. Acta
Paediatrica, 73(s313), 3–23.
https://doi.org/10.1111/j.1651-2227.1984.t
b10001.x

22. Gorgoni, M., D’Atri, A., Lauri, G.,
Rossini, P. M., Ferlazzo, F., & De
Gennaro, L. (2013). Is sleep essential
for neural plasticity in humans, and
how does it a�ect motor and
cognitive recovery? Neural Plasticity,
2013, 1–13.
https://doi.org/10.1155/2013/103949

23. Gould, E., Loesch, D. Z., Martin, M.,
Hagerman, R. J., Armstrong, S., &
Huggins, R. (2000). Melatonin
profiles and sleep characteristics in
boys with fragile X syndrome: A
preliminary study. American Journal
of Medical Genetics, 95(4), 307–315.
https://doi.org/10.1002/1096-8628(20001
211)95:4

24. Graves, L. A., Heller, E. A., Pack, A.
I., & Abel, T. (2003). Sleep
deprivation selectively impairs
memory consolidation for contextual
fear conditioning. Learning &
Memory, 10(3), 168–176.
https://doi.org/10.1101/lm.48803

25. Guo, W., Allan, A. M., Zong, R.,
Zhang, L., Johnson, E. B., Schaller,
E. G., Murthy, A. C., Goggin, S. L.,
Eisch, A. J., Oostra, B. A., Nelson, D.

L., Jin, P., & Zhao, X. (2011). Ablation
of Fmrp in adult neural stem cells
disrupts hippocampus-dependent
learning. Nature Medicine, 17(5),
559–565.
https://doi.org/10.1038/nm.2336

26. Hagerman, R. J., Au, J., &
Hagerman, P. J. (2011). FMR1
premutation and full mutation
molecular mechanisms related to
autism. Journal of
Neurodevelopmental Disorders, 3(3),
211–224.
https://doi.org/10.1007/s11689-011-9084-
5

27. Hagerman, R. J., Berry‐Kravis, E.,
Hazlett, H. C., Bailey, D. B., Moine,
H., Kooy, R. F., Tassone, F., Gantois,
I., Sonenberg, N., Mandel, J. L., &
Hagerman, P. J. (2017). Fragile X
syndrome. Nature Reviews Disease
Primers, 3(1).
https://doi.org/10.1038/nrdp.2017.65

28. Hagerman, R. J., Jackson, C., Amiri,
K. M. A., Silverman, A., O’Connor,
R., & Sobesky, W. E. (1992). Girls
with Fragile X Syndrome: Physical
and neurocognitive status and
outcome. Pediatrics, 89(3), 395–400.
https://doi.org/10.1542/peds.89.3.395

29. Hagewoud, R., Havekes, R., Novati,
A., Keijser, J., Van Der Zee, E. A., &
Meerlo, P. (2009). Sleep deprivation
impairs spatial working memory and
reduces hippocampal AMPA
receptor phosphorylation. Journal of
Sleep Research, 19(2), 280–288.
https://doi.org/10.1111/j.1365-2869.2009.
00799.x

16

https://doi.org/10.5665/sleep.1846
https://doi.org/10.1111/j.1651-2227.1984.tb10001.x
https://doi.org/10.1111/j.1651-2227.1984.tb10001.x
https://doi.org/10.1155/2013/103949
https://doi.org/10.1002/1096-8628(20001211)95:4
https://doi.org/10.1002/1096-8628(20001211)95:4
https://doi.org/10.1101/lm.48803
https://doi.org/10.1038/nm.2336
https://doi.org/10.1007/s11689-011-9084-5
https://doi.org/10.1007/s11689-011-9084-5
https://doi.org/10.1038/nrdp.2017.65
https://doi.org/10.1542/peds.89.3.395
https://doi.org/10.1111/j.1365-2869.2009.00799.x
https://doi.org/10.1111/j.1365-2869.2009.00799.x


30. Harris, S., Hessl, D., Goodlin‐Jones,
B. L., Ferranti, J. A., Bacalman, S.,
Barbato, I. T., Tassone, F.,
Hagerman, P. J., Herman, K., &
Hagerman, R. J. (2008). Autism
profiles of males with Fragile X
Syndrome. American Journal on
Mental Retardation, 113(6), 427–438.
https://doi.org/10.1352/2008.113:427-438

31. Havekes, R., & Abel, T. (2017). The
tired hippocampus: the molecular
impact of sleep deprivation on
hippocampal function. Current
Opinion in Neurobiology, 44, 13–19.
https://doi.org/10.1016/j.conb.2017.02.00
5

32. Havekes, R., Abel, T., & Van Der
Zee, E. A. (2011). The cholinergic
system and neostriatal memory
functions. Behavioural Brain
Research, 221(2), 412–423.
https://doi.org/10.1016/j.bbr.2010.11.047

33. Havekes, R., Vecsey, C. G., & Abel, T.
(2012). The impact of sleep
deprivation on neuronal and glial
signaling pathways important for
memory and synaptic plasticity.
Cellular Signalling, 24(6), 1251–1260.
https://doi.org/10.1016/j.cellsig.2012.02.
010

34. Hayashi, Y., Shi, S. H., Esteban, J. A.,
Piccini, A., Poncer, J. C., & Malinow,
R. (2000). Driving AMPA Receptors
into Synapses by LTP and CaMKII:
Requirement for GluR1 and PDZ
Domain Interaction. Science,
287(5461), 2262–2267.
https://doi.org/10.1126/science.287.5461
.2262

35. Jalnapurkar, I., Cochran, D., &
Frazier, J. A. (2019). New therapeutic
options for Fragile X Syndrome.
Current Treatment Options in
Neurology, 21(3).
https://doi.org/10.1007/s11940-019-0551-
8

36. Js, S., Dl, N., Zhang, F., Pieretti, M.,
Ct, C., Saxe, D. A., & St, W. (1992).
DNA methylation represses FMR-1
transcription in fragile X syndrome.
Human Molecular Genetics, 1(6),
397–400.
https://doi.org/10.1093/hmg/1.6.397

37. Kronk, R., Bishop, E., Raspa, M.,
Bickel, J., Mandel, D., & Bailey, D. B.
(2010). Prevalence, Nature, and
Correlates of Sleep Problems Among
Children with Fragile X Syndrome
Based on a Large Scale Parent
Survey. Sleep, 33(5), 679–687.
https://doi.org/10.1093/sleep/33.5.679

38. Kumari, D., Gazy, I., & Usdin, K.
(2019). Pharmacological reactivation
of the silenced FMR1 gene as a
targeted therapeutic approach for
fragile X syndrome. Brain Sciences,
9(2), 39.
https://doi.org/10.3390/brainsci902003
9

39. Kwon, K. J., Lee, E., Kim, M., Jeon,
S. J., Choi, Y. Y., Shin, C. Y., & Han,
S. (2015). The potential role of
melatonin on sleep
deprivation-induced cognitive
impairments: Implication of FMRP
on cognitive function. Neuroscience,
301, 403–414.

17

https://doi.org/10.1352/2008.113:427-438
https://doi.org/10.1016/j.conb.2017.02.005
https://doi.org/10.1016/j.conb.2017.02.005
https://doi.org/10.1016/j.bbr.2010.11.047
https://doi.org/10.1016/j.cellsig.2012.02.010
https://doi.org/10.1016/j.cellsig.2012.02.010
https://doi.org/10.1126/science.287.5461.2262
https://doi.org/10.1126/science.287.5461.2262
https://doi.org/10.1007/s11940-019-0551-8
https://doi.org/10.1007/s11940-019-0551-8
https://doi.org/10.1093/hmg/1.6.397
https://doi.org/10.1093/sleep/33.5.679
https://doi.org/10.3390/brainsci9020039
https://doi.org/10.3390/brainsci9020039


https://doi.org/10.1016/j.neuroscience.2
015.05.079

40. Lüscher, C., & Huber, K. M. (2010).
Group 1 MGLUR-Dependent
Synaptic Long-Term Depression:
Mechanisms and Implications for
Circuitry and Disease. Neuron, 65(4),
445–459.
https://doi.org/10.1016/j.neuron.2010.01.
016

41. Lynch, G. (2004). AMPA receptor
modulators as cognitive enhancers.
Current Opinion in Pharmacology,
4(1), 4–11.
https://doi.org/10.1016/j.coph.2003.09.0
09

42. Martin, J., & Bell, J. (1943). A
PEDIGREE OF MENTAL DEFECT
SHOWING SEX-LINKAGE. Journal
of Neurology, Neurosurgery, and
Psychiatry, 6(3–4), 154–157.
https://doi.org/10.1136/jnnp.6.3-4.154

43. Martin, S. J., Grimwood, P., &
Morris, R. (2000). Synaptic Plasticity
and Memory: An evaluation of the
hypothesis. Annual Review of
Neuroscience, 23(1), 649–711.
https://doi.org/10.1146/annurev.neuro.
23.1.649

44. McBride, S. M., Choi, C. H., Wang,
Y., Liebelt, D., Braunstein, E.,
Ferreiro, D., ... & Jongens, T. A.
(2005). Pharmacological rescue of
synaptic plasticity, courtship
behavior, and mushroom body
defects in a Drosophila model of
fragile X syndrome. Neuron, 45(5),
753-764.

45. McDermott, C. M., Hardy, M.,
Bazán, N. G., & Magee, J. C. (2006).
Sleep deprivation‐induced
alterations in excitatory synaptic
transmission in the CA1 region of the
rat hippocampus. The Journal of
Physiology, 570(3), 553–565.
https://doi.org/10.1113/jphysiol.2005.09
3781

46. Moreira, K. M., Hipólide, D. C.,
Nóbrega, J. N., Bueno, O. F. A.,
Tufik, S., & Oliveira, M. G. M. (2003).
Deficits in avoidance responding
after paradoxical sleep deprivation
are not associated with altered
[3H]pirenzepine binding to M1
muscarinic receptors in rat brain.
Brain Research, 977(1), 31–37.
https://doi.org/10.1016/s0006-8993(03)0
2688-x

47. Muddashetty, R., Kelić, S., Groß, C.,
Xu, M., & Bassell, G. J. (2007).
Dysregulated metabotropic
glutamate Receptor-Dependent
translation of AMPA receptor and
postsynaptic density-95 mRNAs at
synapses in a mouse model of fragile
X syndrome. The Journal of
Neuroscience, 27(20), 5338–5348.
https://doi.org/10.1523/jneurosci.0937-
07.2007

48. Nakamoto, M., Nalavadi, V., Epstein,
M. P., Narayanan, U., Bassell, G. J., &
Warren, S. T. (2007). Fragile X
mental retardation protein deficiency
leads to excessive
mGluR5-dependent internalization
of AMPA receptors. Proceedings of
the National Academy of Sciences of

18

https://doi.org/10.1016/j.neuroscience.2015.05.079
https://doi.org/10.1016/j.neuroscience.2015.05.079
https://doi.org/10.1016/j.neuron.2010.01.016
https://doi.org/10.1016/j.neuron.2010.01.016
https://doi.org/10.1136/jnnp.6.3-4.154
https://doi.org/10.1146/annurev.neuro.23.1.649
https://doi.org/10.1146/annurev.neuro.23.1.649
https://doi.org/10.1113/jphysiol.2005.093781
https://doi.org/10.1113/jphysiol.2005.093781
https://doi.org/10.1016/s0006-8993(03)02688-x
https://doi.org/10.1016/s0006-8993(03)02688-x
https://doi.org/10.1523/jneurosci.0937-07.2007
https://doi.org/10.1523/jneurosci.0937-07.2007


the United States of America, 104(39),
15537–15542.
https://doi.org/10.1073/pnas.070748410
4

49. Napoli, I., Mercaldo, V., Boyl, P. P.,
Eleuteri, B., Zalfa, F., De Rubeis, S.,
Di Marino, D., Mohr, E., Massimi,
M., Falconi, M., Witke, W.,
Costa-Mattioli, M., Sonenberg, N.,
Achsel, T., & Bagni, C. (2008). The
Fragile X Syndrome Protein
Represses Activity-Dependent
Translation through CYFIP1, a New
4E-BP. Cell, 134(6), 1042–1054.
https://doi.org/10.1016/j.cell.2008.07.031

50. Naumann, A., Hochstein, N., Weber,
S., Fanning, E., & Doerfler, W.
(2009). A distinct DNA-Methylation
boundary in the 5′- upstream
sequence of the FMR1 promoter
binds nuclear proteins and is lost in
fragile X syndrome. American Journal
of Human Genetics, 85(5), 606–616.
https://doi.org/10.1016/j.ajhg.2009.09.01
8

51. Nunes, G., Tufik, S., & Nóbrega, J. N.
(1994). Decreased muscarinic
receptor binding in rat brain after
paradoxical sleep deprivation: an
autoradiographic study. Brain
Research, 645(1–2), 247–252.
https://doi.org/10.1016/0006-8993(94)91
658-6

52. Pieretti, M., Zhang, F., Fu, Y.,
Warren, S. T., Oostra, B. A., Caskey,
C. T., & Nelson, D. L. (1991). Absence
of expression of the FMR-1 gene in
fragile X syndrome. Cell, 66(4),
817–822.

https://doi.org/10.1016/0092-8674(91)90
125-i

53. Poncer, J. C., Esteban, J. A., &
Malinow, R. (2002). Multiple
mechanisms for the potentiation of
AMPA Receptor-Mediated
transmission by
Α-CA2+/Calmodulin-Dependent
protein kinase II. The Journal of
Neuroscience, 22(11), 4406–4411.
https://doi.org/10.1523/jneurosci.22-11-0
4406.2002

54. Ribeiro, F. M., Paquet, M., Cregan,
S. P., & Ferguson, S. S. G. (2010).
Group I Metabotropic Glutamate
Receptor Signalling and its
Implication in Neurological Disease.
Cns & Neurological Disorders-drug
Targets, 9(5), 574–595.
https://doi.org/10.2174/187152710793361
612

55. Salín-Pascual, R. J., Díaz‐Muñoz,
M., Rivera-Valerdi, L., Ortíz-López,
L. J., & Blanco-Centurión, C. (1998).
Decrease in muscarinic M2 receptors
from synaptosomes in the pons and
hippocampus after REM sleep
deprivation in rats. PubMed, 1(1),
19–23.
https://pubmed.ncbi.nlm.nih.gov/1138
2853

56. Stelzer, A. (1992). GABAA receptors
control the excitability of neuronal
populations. In International Review
of Neurobiology (pp. 195–287).
https://doi.org/10.1016/s0074-7742(08)6
0693-5

57. Tadavarty, R., Kaan, T. K. Y., &
Sastry, B. (2009). Long-term

19

https://doi.org/10.1073/pnas.0707484104
https://doi.org/10.1073/pnas.0707484104
https://doi.org/10.1016/j.cell.2008.07.031
https://doi.org/10.1016/j.ajhg.2009.09.018
https://doi.org/10.1016/j.ajhg.2009.09.018
https://doi.org/10.1016/0006-8993(94)91658-6
https://doi.org/10.1016/0006-8993(94)91658-6
https://doi.org/10.1016/0092-8674(91)90125-i
https://doi.org/10.1016/0092-8674(91)90125-i
https://doi.org/10.1523/jneurosci.22-11-04406.2002
https://doi.org/10.1523/jneurosci.22-11-04406.2002
https://doi.org/10.2174/187152710793361612
https://doi.org/10.2174/187152710793361612
https://pubmed.ncbi.nlm.nih.gov/11382853
https://pubmed.ncbi.nlm.nih.gov/11382853
https://doi.org/10.1016/s0074-7742(08)60693-5
https://doi.org/10.1016/s0074-7742(08)60693-5


depression of excitatory synaptic
transmission in rat hippocampal CA1
neurons following sleep deprivation.
Experimental Neurology, 216(1),
239–242.
https://doi.org/10.1016/j.expneurol.200
8.11.012

58. Tartar, J. L., Ward, C. P., Mckenna, J.
T., Thakkar, M., Arrigoni, E.,
McCarley, R. W., Brown, R. E., &
Strecker, R. E. (2006). Hippocampal
synaptic plasticity and spatial
learning are impaired in a rat model
of sleep fragmentation. European
Journal of Neuroscience, 23(10),
2739–2748.
https://doi.org/10.1111/j.1460-9568.2006.
04808.x

59. Van Cauter, E., Spiegel, K., Tasali,
E., & Leproult, R. (2008). Metabolic
consequences of sleep and sleep loss.
Sleep Medicine, 9, S23–S28.
https://doi.org/10.1016/s1389-9457(08)7
0013-3

60. Van Dongen, H. P. A., Maislin, G.,
Mullington, J., & Dinges, D. F. (2003).
The cumulative cost of additional
wakefulness: Dose-response e�ects
on neurobehavioral functions and
sleep physiology from chronic sleep
restriction and total sleep
deprivation. Sleep, 26(2), 117–126.
https://doi.org/10.1093/sleep/26.2.117

61. Vitale, J. A., Roveda, E., Montaruli,
A., Galasso, L., Weydahl, A., Caumo,
A., & Carandente, F. (2014).
Chronotype influences activity
circadian rhythm and sleep:
Di�erences in sleep quality between

weekdays and weekends.
Chronobiology International, 32(3),
405–415.
https://doi.org/10.3109/07420528.2014.9
86273

62. Wang, X. Y., Wang, X., Huang, C.
Q., Guo, Z. Y., Qian, Y. F., Yang, Y.,
Tan, M., Tan, X., Tu, Q. Y., & Wang,
L. (2013). Zhongguo dang dai er ke za
zhi = Chinese Journal of contemporary
pediatrics, 15(10), 866–869.

63. Webb, W. B., & Agnew, H. W. (1975).
Are we chronically sleep deprived?
Bulletin of the Psychonomic Society,
6(1), 47–48.
https://doi.org/10.3758/bf03333140

64. Weigend, S., Holst, S. C., Treyer, V.,
Tuura, R., Meier, J., Ametamey, S.
M., Buck, A., & Landolt, H. (2019b).
Dynamic changes in cerebral and
peripheral markers of glutamatergic
signaling across the human
sleep–wake cycle. SLEEP, 42(11).
https://doi.org/10.1093/sleep/zsz161

65. Wirojanan, J., Jacquemont, S., Diaz,
R. E., Bacalman, S., Anders, T. F.,
Hagerman, R. J., & Goodlin‐Jones,
B. L. (2009). The E�cacy of
Melatonin for Sleep Problems in
Children with Autism, Fragile X
Syndrome, or Autism and Fragile X
Syndrome. Journal of Clinical Sleep
Medicine, 05(02), 145–150.
https://doi.org/10.5664/jcsm.27443

66. Wong, H., Hooper, A. W., Kang, H.
R., Lee, S. J., Zhao, J., Sadhu, C.,
Rawat, S. S., Gray, S. J., & Hampson,
D. R. (2023). CNS-dominant human
FMRP isoform rescues seizures, fear,

20

https://doi.org/10.1016/j.expneurol.2008.11.012
https://doi.org/10.1016/j.expneurol.2008.11.012
https://doi.org/10.1111/j.1460-9568.2006.04808.x
https://doi.org/10.1111/j.1460-9568.2006.04808.x
https://doi.org/10.1016/s1389-9457(08)70013-3
https://doi.org/10.1016/s1389-9457(08)70013-3
https://doi.org/10.1093/sleep/26.2.117
https://doi.org/10.3109/07420528.2014.986273
https://doi.org/10.3109/07420528.2014.986273
https://doi.org/10.3758/bf03333140
https://doi.org/10.1093/sleep/zsz161
https://doi.org/10.5664/jcsm.27443


and sleep abnormalities in Fmr1-KO
mice. JCI Insight, 8(11).
https://doi.org/10.1172/jci.insight.16965
0

67. Wu, Y., Arai, A., Rumbaugh, G.,
Srivastava, A., Turner, G., Hayashi,
T., Suzuki, É., Jiang, Y., Zhang, L.,
Rodriguez, J., Boyle, J., Tarpey, P.,
Raymond, F. L., Nevelsteen, J.,
Froyen, G., Stratton, M., Futreal, A.,
Gécz, J., Stevenson, R. E., . . . Wang,
T. (2007). Mutations in ionotropic
AMPA receptor 3 alter channel
properties and are associated with
moderate cognitive impairment in
humans. Proceedings of the National
Academy of Sciences of the United
States of America, 104(46),
18163–18168.
https://doi.org/10.1073/pnas.070869910
4

68. Yu, K., Deng, S., Sun, T., Li, Y., &
Liu, Y. (2018). Melatonin regulates
the synthesis of steroid hormones on
male reproduction: a review.
Molecules, 23(2), 447.
https://doi.org/10.3390/molecules23020
447

69. Zhang, J., Fang, Z., Jud, C.,
Vansteensel, M. J., Kaasik, K., Lee,
C., Albrecht, U., Tamanini, F.,
Meijer, J. H., Oostra, B. A., & Nelson,
D. L. (2008). Fragile X-Related
Proteins Regulate Mammalian
Circadian Behavioral Rhythms. The
American Journal of Human Genetics,
83(1), 43–52.
https://doi.org/10.1016/j.ajhg.2008.06.0
03

21

https://doi.org/10.1172/jci.insight.169650
https://doi.org/10.1172/jci.insight.169650
https://doi.org/10.1073/pnas.0708699104
https://doi.org/10.1073/pnas.0708699104
https://doi.org/10.3390/molecules23020447
https://doi.org/10.3390/molecules23020447
https://doi.org/10.1016/j.ajhg.2008.06.003
https://doi.org/10.1016/j.ajhg.2008.06.003

