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Abstract: Background: SLC13A5 Citrate Transporter Disorder is a rare pediatric neurodevelopmental
disorder. Patients have epilepsy, developmental disability, and impaired mobility. While sleep
disorders are common in children with neurodevelopmental disorders, sleep abnormalities have
not been reported in SLC13A5 patients. Methods: Here, we assessed sleep disturbances in patients
through caregiver reported surveys and in a transgenic mouse model of SLC13A5 deficiency. A
total of 26 patients were evaluated with the Sleep Disturbance Scale for Children three times over a
one-year span. Sleep and wake activities were assessed in the SLC13A5 knock-out (KO) mice using
wireless telemetry devices. Results: A high burden of clinically significant sleep disturbances were
reported in the patients, with heterogeneous symptoms that remained stable across time. While
sleep disturbances were common, less than 30% of patients were prescribed medications for sleep.
Comparatively, in SLC13A5 KO mice using EEG recordings, significant alterations were found
during light cycles, when rodents typically sleep. During the sleep period, SLC13A5 mice had
increased activity, decreased paradoxical sleep, and changes in absolute power spectral density,
indicating altered sleep architecture in the mouse model. Conclusions: Our results demonstrate a
significant component of sleep disturbances in SLC13A5 patients and mice, highlighting a potential
gap in patient care. Further investigation of sleep dysfunction and the underlying etiologies of sleep
disturbances in SLC13A5 citrate transporter disorder is warranted.
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1. Introduction

SLC13A5 Citrate Transporter Disorder (SLC13A5 Deficiency, SLC13A5 Epilepsy, De-
velopment, and Epileptic Encephalopathy DEE25, OMIM #615905) is a rare pediatric
neurodevelopmental disorder characterized by the onset of seizures in the neonatal period,
global developmental delay, limited verbal communication abilities, and motor impair-
ments, including dystonia, hypotonia, and difficulty walking [1,2]. Nearly all patients
present with onset of seizures within the first day of life; however, there is variability across
the patients’ seizure burden and an overall reduction in seizure with age [3]. This disor-
der is caused by recessive, loss of function variants in the SLC13A5 gene, which encodes
a plasma membrane sodium citrate co-transporter (NaCT) [4,5]. While NaCT is highly
expressed in both the brain and liver, the predominant phenotype is neurodevelopmen-
tal [6]. To date, there are more than 40 identified variants, which often cause reduced or
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complete loss of citrate transport into cells [2,7–9]. Deficiency in citrate transport results in
excess extracellular citrate and numerous metabolic alterations, with changes observed in
glutamate and GABA trafficking [10].

Current treatment options for SLC13A5 focus on controlling seizures with anti-seizure
medications, therapies to support development, durable medical equipment for mobility,
and medications or procedures to address other comorbidities, such as feeding issues. How-
ever, therapies to address the underlying genetic abnormality are not yet clinically available.
There are many challenges to address when developing therapeutics for rare neuro–genetic
conditions, including small patient population sizes and incomplete understanding of the
pathophysiology and natural history of the disease. An ongoing natural history study
for SLC13A5 is characterizing disease trajectories of one of the largest patient cohorts in
a study to date. This natural history study is a high-priority research area identified by
the TESS Research Foundation, the 501(c)3 non-profit organization focused on driving
research for SLC13A5 Citrate Transporter Disorder [11]. This study also represents an ac-
tive, patient-centered collaboration between three academic institutions and TESS Research
Foundation. This is a two-year, multisite, longitudinal study with neuropsychological
evaluations, motor assessments, electroencephalograms (EEGs), medication and seizure
diaries, sleep evaluations, and quality of life assessments. There is an additional remote
arm of this study to capture disease characteristics and trajectories from the participants
who are unable to travel to the study sites. In addition to studying disease progression,
the data collected will inform clinical care guidelines, as well as the design of future
clinical trials.

Sleep disturbances are prevalent among children with neurodevelopmental and epilep-
tic disorders [12–15]. Epilepsy and anti-seizure medications are associated with higher
rates of sleep disturbances [16,17]. Furthermore, there is a well-documented correlation
in epilepsy between sleep deprivation and an increased risk of seizures [18]. While sleep
has not been studied in SLC13A5 Citrate Transporter Disorder, prior retrospective studies
reported sleep symptoms, including sleep-related breathing disorders, indicating a need to
better understand sleep problems [19].

Here, we report on sleep characteristics from the SLC13A5 natural history study and
assessed EEG and sleep behavior in a mouse model of SLC13A5. We found significant
behavioral sleep disturbances in both patients and mice lacking functional SLC13A5 and a
shift in EEG power spectra in the SLC13A5 deficient mice.

2. Materials and Methods
2.1. Recruitment and Consent

Participants with genetically and clinically confirmed SLC13A5 Citrate Transporter
Disorder were identified via the TESS Research Foundation and offered enrollment in one
of two SLC13A5 Natural History Studies. Patients living outside the US (NCT04681781)
were offered a remote-only study, while those living within the US were offered either
an in-person and remote (NCT06144957) study. The Institutional Review Board at Stan-
ford approved the international portion of the Natural History Study, Protocol SLC13A5
Deficiency: A Prospective Natural History Study (International) 57342.

Under three separate protocols, at each study site, the in-person Natural History
Study was approved by the following: the Institutional Review Board at Stanford (Protocol
SLC13A5 Deficiency: A Prospective Natural History Study #57902); Brown University
(#403420); and the University of Texas Southwestern (#STU-2020-0635). Prior to consent, the
caregivers reviewed the protocol and discussed any concerns with the principal investigator
and the study coordinators. Assent and a consent were provided via RedCap for the
international study, and a paper consent was provided for the in-person study.

The studies spanned two years, with four time points at which sleep data were
collected via the Sleep Disturbances Scale for Children: baseline, 6 months, 12 months,
and 24 months. Patients were enrolled on a rolling basis, with some patients not having
completed their 24 months visits at the time of this submission.
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2.2. Sleep Disturbances Scale for Children (SDSC)

The Sleep Disturbances Scale for Children (SDSC) was developed in 1996 and is widely
used to assess sleep problems in children [20]. The questionnaire includes 26 items, completed
by parents or caregivers. The two initial questions establish how many hours per night the child
sleeps and how long it takes for the child to fall asleep. The following 24 questions ask about
the quality of sleep and behaviors during sleep, scored using a Likert scale of 1–5, ranging from
never to daily, with a higher score representing a more severe sleep disturbance. These numbers
are tallied into sub-scores, divided into six categories, which include disorders of initiating
and maintaining sleep (DIMS), sleep breathing disorders (SBDs), disorders of arousal (DA),
sleep–wake transition disorders (SWTDs), disorders of excessive somnolence (DoES), and sleep
hyperhidrosis (SH). A total T score was calculated using a weighted sum of sub-scores.

The SDSC was originally developed to assess sleep disturbances specifically in children
aged 6–16. While the patient population in the current study ranges from 5 months to
30 years (Table 1), the test has been used in younger children, as young as 6 months, with
success in many cases using slightly altered versions [21–24]. Additionally, based on the
severe developmental delay of patients, the SDSC was felt to be the overall most helpful
tool to evaluate sleep disturbances of this population.

Table 1. Demographics.

In-Person Cohort Remote Cohort

Age in Years (mean ± SD)
Range

10.0 ± 5.7
3.3–18.5

9.8 ± 10.0
0.4–30.2

Gender (M, F) 7 M, 5 F 8 M, 6 F

Baseline: 100% (12/12) Baseline: 100% (14/14)
Visit Completion Rate 6 Months: 75.0% (9/12) 6 Months: 78.6% (11/14)

12 Months: 58.3% (7/12) 12 Months: 57.1% (8/14)

Sleep Aids 16.7% (2/12) 28.6% (4/14)

2.3. Animals

The mouse experiments were performed with approval from the Institutional Animal
Care and Use Committee at University of Texas Southwestern (UTSW) Medical Center.
SLC13A5 knock-out (KO) mice were originally obtained from Dr. Rafael de Cabo and
maintained on a C57BL/6J background [25]. Both males and females were used in these
studies and wildtype (WT) littermates were used as controls for comparison to KO mice.
Mice were maintained under standard 12 h light and 12 h dark conditions and provided
food and water ad libitum. As a part of an unrelated study, mice had been injected with
5 µL of sterile vehicle (5% D-sorbitol, 350 mM NaCl in phosphate buffered saline) via
intrathecal lumbar puncture at post-natal day 10.

2.4. Telemetry Devices and Recordings

Three-month-old mice were implanted subcutaneously with an HD-X02 Data Systems
International (DSI) telemetry probe (St. Paul, MN, USA), as previously described [26]. A
dual channel transmitter was used for EEG recordings with coordinates at LH:
AP +1.0, ML −1.5; and RH: AP −2.0, ML +2.0, as well as for EMG lead placement in
the trapezius muscles. The recordings started approximately 10 days following surgery and
were acquired over two 60 h sessions (three dark cycles and two light cycles), approximately
two weeks apart. All EEG recordings were collected in the subject animal’s home cage in a
temperature-controlled testing room maintained on a 12:12 h light–dark cycle. Animals
were singly housed after EEG implantation to avoid possible device displacement due to
cage-mate interactions.
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2.5. EEG and EMG Data Analysis

Ponemah (Data Systems International, St. Paul, MN, USA, v6.51) was used to acquire
data, and Neuroscore (Data Systems International, St. Paul, MN, USA, v.3.4.0) was used to
analyze data. Activity counts were calculated by Neuroscore software and are based on
the implant movement in relation to the PhysioTel receiver (Data Systems International,
St. Paul, MN, USA) that each cage is placed on during telemetry data acquisition. The
activity counts were separated into activity during the dark cycles and activity during
the light cycles, summed for two (light) or three (dark) cycles per recording period and
averaged between both recording periods for each animal. Sleep stages were categorized
into active wake, quiet wake, slow-wave sleep, and paradoxical sleep (also known as
REM sleep), and were automatically scored using the integrated Rodent Sleep Scoring
program using a combination of delta and theta power, muscle tone, and movement in ten
second epochs. The percentage of time spent in each stage was averaged between the two
recording periods. Absolute power was automatically determined by the software into four
frequency bands: delta (0.5–4 Hz), theta (4–8 Hz), alpha (8–12 Hz), and beta (12–30 Hz).
Absolute power was quantified during the light and dark cycles based on recording time
(light: 6:00 AM–6:00 PM, dark 6:00 PM–6:00 AM). A sleep stage based on Rodent Sleep
Scoring was assigned and quantified for ten-second duration epochs and then averaged
across both recording sessions.

2.6. Statistical Analysis

Based on previous publications using the SDSC in a diverse cohort that maximized
sensitivity and specificity, an overall T score ≥ 56 or a subdomain score of ≥70 was
considered a clinically significant sleep disturbance [21,27]. The SDSC data were presented
as average ± standard deviation unless otherwise specified and were analyzed and graphed
using GraphPad Prism Software (Boston, MA, USA, v10.2.0). For time course clinical
studies, ordinary one-way ANOVA was used, followed by Dunnett’s multiple comparison
test. For mouse studies, group sizes were verified using power analysis with a type 1 error
of 5% and a power of 80% to detect an effect size greater than 0.8, which would suggest
a large change (G*Power, Düsseldorf, Germany, v3.9.1.7). Sex differences were not found
for general activity or power band spectra, so male and female data were collapsed to
increase power. Sex was included as a variable for wake/sleep stages, as it was significantly
impacted for three of the four stages. Data sets comparing one variable were analyzed
using an unpaired Student’s t-test. Data sets comparing multiple variables were analyzed
via two-way ANOVA, followed by Sidak’s multiple comparisons test. Effect size was
assessed using eta squared (η2), where the interpretation of the effect size was as follows:
0.01 ≤ 0.05 (low effect), 0.06 ≤ 0.13 (moderate effect), and ≥0.14 (high effect). A value of
p < 0.05 was considered significant for all statistical analyses.

3. Results
3.1. Participant Characteristics

The SLC13A5 natural history study comprised of 26 children and young adult par-
ticipants with a mean age of 9.9 ± 8.1 years (the age range was from 5 months to 30 years
old) at the time of enrollment. A total of 12 participants were from the United States and
completed in-person visits, while 14 international participants had visits remotely. A total
of 15 participants were male, and 11 were female (Table 1). At the time of preparation of
this report, 76.9% (20/26) had completed the 6-month survey, 57.7% (15/26) had completed
the 12-month survey, and 11.5% (3/26) had completed the 24-month survey. Only data
from the 0-, 6-, and 12-month time points are presented. The questionnaire completion
rates, sex ratios, and prevalence of sleep aids at study baseline for the in-person and remote
cohorts were similar.
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3.2. Overall Sleep Scores

At baseline, 69.2% of participants (18/26) had clinically significant Sleep Distur-
bances Scale (SDSC) scores (overall T score ≥ 56), indicating that most patients had some
component of sleep disturbance. The T scores ranged from 42 to 90, with a mean of
60.3 ± 11.1, indicating a wide range of sleep abnormalities among the participants
(Figure 1A). The SDSC scores were mostly stable across the three time points during
the first year of this study: 65.0% (13/20) of patients had a positive score (T score ≥ 56) at
six months, and 66.7% (10/15) of patients had a positive score at 12 months. A proportion
of 23.1% (6/26) of patients were taking medications for the purpose of sleep at the time of
enrollment (Table 1). Medications included melatonin (n = 4) and gabapentin (n = 2). The
overall T scores did not demonstrate statistically significant changes over time (Figure 1B).
For the 15 patients that completed the first three visits, the mean difference from baseline
to the final visit was 3.9 ± 10.6. Additionally, there was no correlation between age and
baseline T scores; the T score averages did not differ between the in-person and remote
cohorts or genders (Supplemental Figure S1).
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Figure 1. Sleep disturbances are prevalent in SLC13A5 patients. (A) Percentage of patients that had
clinically significant (T score ≥ 56, shown in green) and non-clinically significant (T score < 56, shown
in white) sleep disturbances, as assessed by the overall sleeping score from the SDSC over a one-year
span. (B) Individual T scores for each visit. BL = baseline.

3.3. Sleep Disorder Sub-Scores

There were no significant changes over visits in sleep duration or time to fall asleep,
suggesting that patients’ sleep disturbances are generally stable over a one year period.
At baseline, nearly half of all participants slept 9–11 h (42.3%, 11/26), half of patients
slept 8–9 h (50.0%, 13/26), 7.7% (2/26) reported 7–8 h of sleep and no patients
slept 5–6 h (Figure 2A). Similar trends and stability over time were seen for the time
it took to fall asleep. At baseline, most patients required 15–30 min to fall asleep after
going to bed (42.3%, 11/26), 26.9% (7/26) needed less than 15 min, 15.4% (4/26) needed
30–45 min, 11.6% (3/26) needed 45–60 min, and 3.8% (1/26) needed more than an hour
(Figure 2B).

Sleep–wake transition disorders (8/26, 60.9 ± 14.4) and disorders of initiating and
maintaining sleep (5/26, 64.5 ± 12.6) had the highest percentage of clinically significant
subdomain scores for patients. Both sleep breathing disorders (55.5 ± 9.5) and disorders of
arousal (52.3 ± 11.5) had four clinically significant patients each. Disorders of excessive
somnolence (1/26, 50.5 ± 9.8) and sleep hyperhidrosis (0/26, mean score 48.1 ± 8.5) had
the lowest percentage of positive scores (Figure 2C). Patients had trouble falling asleep,
which is supported by the large range of time it took them to fall asleep (Figure 2B). A
proportion of 73.1% (19/26) of patients were positive (T score ≥ 70) for a single sleep issue
at baseline, and 26.3% (5/19) had difficulty with more than one sleep domain. There were
no significant changes over visits in subdomain scores, suggesting that patients’ sleep
disturbance subscales are generally stable over a one-year period.
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3.4. Abnormal Sleep Structure in SLC13A5 KO Mice

Having identified high rates of sleep initiation and waking abnormalities in patients
with SLC13A5 Citrate Transporter Disorder, we next investigated whether the SLC13A5
mouse models exhibited these sleep complaints. WT and KO littermates were implanted
with a wireless telemetry probe to measure general, EEG, and EMG activity over two 60 h
recording periods (Figure 3A). During the dark cycles, when nocturnal mice are typically
awake and active, the WT and KO mice had similar activity levels (Figure 3B). In contrast,
the KO mice had a significant, moderate increase in activity compared to the WT mice
during the light cycles when mice typically sleep, having on average of 330.0 activity
counts, compared to 277.3 activity counts, per recording period (Figure 3C); (t test, t = 2.058,
df = 35, p = 0.0471, η2 = 0.11). This suggests that KO mice may sleep less than WT mice.
There were no differences in activity levels between males and females.

To assess the sleep architecture of WT and KO mice, we used EEG and EMG data
to characterize four sleep/wake stages: active wake, quiet wake, slow-wave sleep, and
paradoxical sleep (Figure 3D). We found that KO mice spent a similar percentage of time
within active wake, quiet wake, and slow-wave sleep states compared to WT littermates,
although these states were different between male and female mice (Figure 3E–G and
Supplemental Table S1). Interestingly, paradoxical sleep was highly effected, with KO
mice spending significantly less time in paradoxical sleep (Figure 3H); two-way ANOVA
genotype effect (F (1, 35) = 5.840, p = 0.210, η2 = 0.14). Paradoxical sleep was unaffected
by sex (Supplemental Table S1). This supports the idea that KO mice have altered sleep
physiology, with paradoxical sleep being the most affected.



Genes 2024, 15, 1338 7 of 12

Genes 2024, 15, x FOR PEER REVIEW 7 of 12 
 

 

 
Figure 3. KO mice had decreased paradoxical sleep. (A) Timeline overview of EEG recordings. (B,C) 
Average EMG activity of WT and KO mice during wake cycles (B) and sleep cycles (C). Student’s t-
test, * p < 0.05. (D) Representative EEG, EMG, and activity traces within the four stages of sleep of a 
WT animal. Each recording window represents one minute. (E–H) Percentage of time spent in active 
wake (E), quiet wake (F), slow-wave sleep (G), and paradoxical sleep (H). n = 17 WT, n = 22 KO. 
Two-way ANOVA genotype effect shown, * p < 0.05. 

3.5. Decreased Power Spectra during Sleep in Slc13a5 KO Mice 
We then performed power spectral density (PSD) analysis across 0–30 Hz frequen-

cies. Frequency bands were defined as delta (0.5–4 Hz), theta (4–8 Hz), alpha (8–12 Hz), 
and beta (12–30 Hz). Within the dark cycle, absolute PSD was similar between genotypes 
(Figure 4A). During the light cycle though, there were small effects on the overall power 
spectra of KO mice as compared to WT mice (Figure 4B, two-way ANOVA genotype effect 
(F (1, 148) = 3.975, p = 0.0480, η2 = 0.01)). There was a trend of decreased theta and alpha 
waves in KO versus WT mice during the light cycle, although this difference was not sta-
tistically significant. We further examined power spectra within the specific sleep/wake 
stages. WT and KO mice had similar absolute power densities during the active wake 
stage (Figure 4C). In contrast, absolute spectral power was altered in KO mice relative to 
WT mice within quiet wake (two-way ANOVA genotype effect (F (1, 148) = 13.02, p = 
0.0004, η2 = 0.04)), slow-wave sleep (two-way ANOVA genotype effect (F (1, 148) = 7.134, 
p = 0.0084, η2 = 0.01)), and paradoxical sleep stages (two-way ANOVA genotype effect (F 
(1, 148) = 16.09, p < 0.0001, η2 = 0.06)) (Figure 4D–F). In paradoxical sleep, theta (Sidak’s 
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stages of sleep of a WT animal. Each recording window represents one minute. (E–H) Percent-
age of time spent in active wake (E), quiet wake (F), slow-wave sleep (G), and paradoxical sleep
(H). n = 17 WT, n = 22 KO. Two-way ANOVA genotype effect shown, * p < 0.05.

3.5. Decreased Power Spectra during Sleep in SLC13A5 KO Mice

We then performed power spectral density (PSD) analysis across 0–30 Hz frequencies.
Frequency bands were defined as delta (0.5–4 Hz), theta (4–8 Hz), alpha (8–12 Hz), and
beta (12–30 Hz). Within the dark cycle, absolute PSD was similar between genotypes
(Figure 4A). During the light cycle though, there were small effects on the overall power
spectra of KO mice as compared to WT mice (Figure 4B, two-way ANOVA genotype effect
(F (1, 148) = 3.975, p = 0.0480, η2 = 0.01)). There was a trend of decreased theta and alpha
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waves in KO versus WT mice during the light cycle, although this difference was not
statistically significant. We further examined power spectra within the specific sleep/wake
stages. WT and KO mice had similar absolute power densities during the active wake stage
(Figure 4C). In contrast, absolute spectral power was altered in KO mice relative to WT
mice within quiet wake (two-way ANOVA genotype effect (F (1, 148) = 13.02, p = 0.0004,
η2 = 0.04)), slow-wave sleep (two-way ANOVA genotype effect (F (1, 148) = 7.134, p = 0.0084,
η2 = 0.01)), and paradoxical sleep stages (two-way ANOVA genotype effect (F (1, 148) = 16.09,
p < 0.0001, η2 = 0.06)) (Figure 4D–F). In paradoxical sleep, theta (Sidak’s multiple compar-
isons test, p = 0.0418) and alpha power (Sidak’s multiple comparisons test, p = 0.0486) bands
were significantly decreased in KO mice compared to WT mice. Power spectra density was
similar between male and female mice. Together, these data suggest that aberrant brain
activity is associated with decreased time spent in paradoxical sleep and that altered power
spectra within sleep stages may underlie sleep disturbances in SLC13A5 KO mice.
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(PSD) averaged over two, 60 h recordings during wake cycles (6 PM–6 AM) (A) and sleep cycles
(6 AM–6 PM) (B). (C–F). PSD during active wake (C), quiet wake (D), slow-wave sleep (E), and
paradoxical sleep (F), divided into delta, theta, alpha, and beta frequencies. n = 17 WT, n = 22 KO.
Two-way ANOVA with Sidak’s multiple comparisons test, * p < 0.05.
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4. Discussion

This study included one of the largest patient populations with SLC13A5 Citrate
Transporter Disorder to date, and the ongoing natural history study is a high priority area
of focus for the SLC13A5 Citrate Transporter Disorder community [11]. This collaboration
across multiple academic institutions, as well as the TESS Research Foundation, demon-
strates the utility of patient-centered research to advance the understanding of rare diseases
such as SLC13A5 Citrate Transporter Disorder. This study is the first to characterize sleep
disturbances in this group. These results showed that sleep disturbances were prevalent
among the study participants, with 69.2% (18/26) of the surveyed patients having clini-
cally significant scores for overall sleep disturbances and 73.1% (19/26) of patients having
clinically significant scores for at least one sleep subcategory, as measured by the SDSC.
Difficulties were prominent in falling and staying asleep, with the DIMS and SWTD having
the highest sub-scores. Interestingly, 30.7% (8/26) of patients reported needing over 30 min
to fall asleep. Patients remained stable in their sleep scores over the 12-month study period,
suggesting that this is not a progressive or varied phenotype at the ages assessed.

Anti-seizure medications are known to affect sleep quality and structure [28]. SLC13A5
Citrate Transporter patients are typically prescribed a variety of one or more medications,
with phenobarbital, valproic acid, and acetazolamide being the most common [29]. The
effects of anti-seizure medications on sleep are variable and can induce both somnolence
and insomnia events in patients. Because of the array of medications being taken, it
is difficult to parse out the contributions of the underlying disorder versus medication
effects. Of the 26 patients surveyed, only 23.1% (6/26) of patients were taking sleeping aids
compared to the much larger number of patients reporting sleep disturbances, indicating
a gap in patient care. Screening for sleep disturbances and treatment may help improve
quality of life for SLC13A5 Citrate Transporter Disorder patients.

The SLC13A5 KO mouse model also has evidence of altered sleep physiology. Similar
to patient phenotype presentation, there also seems to be a wide range of sleep disturbance
within the mouse model. During the light cycles, when mice typically sleep, we found that
the KO mice exhibited greater activity, which was associated with a decrease in overall PSD.
The analysis of specific wake/sleep stages revealed that the KO mice spent significantly
less time in paradoxical sleep compared to their WT littermates, while their time in the
active wake stage was unchanged. Furthermore, power spectra were normal during
active wake periods, but significantly altered in the KO mice during quiet wake, slow-
wave sleep, and paradoxical sleep stages, with paradoxical sleep being the most affected.
Paradoxical sleep, or REM sleep, is characterized by an EEG pattern similar to an awake
state paired with a suppression of skeletal muscle activity [30]. Decreased REM sleep has
been reported in several other developmental disorders, including Angelman’s Syndrome
and Autism Spectrum Disorder [31,32]. Taken with the above patient data, results from
SLC13A5 KO mice suggest that sleep disturbance is also a feature of SLC13A5 Citrate
Transporter Disorder.

The theta and alpha EEG frequencies were the most significantly decreased in para-
doxical sleep. Theta waves during paradoxical sleep play an integral roles in learning and
memory formation, as well as in sleep transitioning [33,34]. Theta waves are implicated
in the GABAergic synchronization of pyramidal cell activity [35,36], and a strong link
exists between GABA and acetylcholine levels, with theta activity within the hippocampus,
where a reduction in these neurotransmitters can lead to reduced theta power [37,38].
Similar to the patients, the SLC13A5 KO mice have metabolic perturbations and increased
neuronal excitability [25,39,40]. To date, all diseases causing SLC13A5 result in reduced
transport of extracellular citrate into cells. As citrate is needed for the synthesis of GABA
and other neurotransmitters, altered neurotransmitter levels may be a potential mechanism
contributing to sleep disturbances and altered power spectra in mice [41]. While alpha
power is not traditionally considered to be integral in paradoxical sleep, alpha power is a
hallmark of relaxed wakefulness [42]. Given the trending decrease in alpha power in quiet
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wake sleep, this could indicate the difficulty of the SLC13A5 KO mice in falling asleep,
which is consistent with the observed patient data.

While our results highlight sleep disturbances in patients with SLC13A5 Citrate
Transporter Disorder and in SLC13A5 KO mice, there are limitations to consider, and future
studies are needed. The SDSC was chosen because of its historical use in the evaluation of
sleep difficulties in children; however, not all questions may be applicable for this specific
patient population. Other groups have successfully adapted the SDSC to fit their patient
population, and this may be a worthwhile pursuit for SLC13A5. Another limitation is that
at the point of publication, the patients had been followed for up to 24 months, which does
not capture the full spectrum of developmental points for most patients. As such, longer
assessments are needed in patients and should include evaluating sleep architecture. This
would be insightful for understanding whether paradoxical sleep alterations detected in
mice are mirrored in humans. Our mouse study focused on a single age-group; evaluating
whether sleep disturbances in mice are dynamic over different developmental time points
would be valuable in understanding disease stability and trajectory. The results from
mice could complement findings from human studies and be used to identify clinical trial
outcome measurements for therapeutic development.

5. Conclusions

In summary, our results demonstrate for the first time a significant component of
sleep disturbance in SLC13A5 Citrate Transporter Disorder in both data from natural
history study participants and a SLC13A5 KO mouse model. This is important, as sleep
disturbances can negatively impact patient quality of life. The data herein may be helpful
in the clinical setting, as well as for outcome selection considerations in future therapeutic
trials, as novel therapies are under development for SLC13A5.
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https://www.mdpi.com/article/10.3390/genes15101338/s1, Supplemental Figure S1: Baseline char-
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