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Abstract

Mutations in the SLCI13A5 gene, a sodium citrate cotransporter, cause a rare autosomal recessive epilepsy (EIEE25) that begins
during the neonatal period and is associated with motor and cognitive impairment. Patient’s seizure burden, semiology, and
electroencephalography (EEG) findings have not been well characterized. Data on 23 patients, 3 months to 29 years of age are
reported. Seizures began during the neonatal period in 22 patients. Although seizures are quite severe in many patients later in life,
seizure freedom was attainable in a minority of patients. Multiple patients’ chronic seizure management included a few common
medications, phenobarbital and valproic acid in particular. Patients EEGs had a relatively well-preserved background for age, even
in the face of frequent seizures, little slowing and multiple normal EEGs and do not support an epileptic encephalopathy. Other

causes for the motor and cognitive delay beyond epilepsy warrant further study.
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Citrate transporter deficiency is an autosomal recessive disor-
der caused by mutations in the SLC13A5 gene, resulting in loss
of NaCT (sodium chloride citrate cotransporter) activity.'™
The protein is highly expressed in liver, teeth, testes, and brain
though patients have only been noted to have brain and teeth
enamel abnormalities.*” Point mutations and deletions have
been identified throughout the gene in affected individuals.®
Several recurrent point mutations are present at low levels in
the general population. SLC13A5 mutation carrier parents have
not been reported to have a disease phenotype. Expression
studies in heterologous expression systems have supported a
loss of transporter function, with no mutations reported to have
increased transporter activity.>> Interestingly, loss of function
in animal models have not recapitulated the neurologic pheno-
type; mice and flies with NaCT deficiency have been described
as having increased longevity and no neurologic phenotype has
been reported.”®

Epilepsy onset in the neonatal period has been a consistent
feature in published reports of SLC13AS5 citrate transporter
deficient patients. However, the literature and our clinical
experience supports a more varied epilepsy phenotype later

in life, even among siblings, suggesting lack of a genotype—
phenotype correlation. It has been hypothesized that the pres-
ence of elevated citrate may be contributing to the neurologic
phenotype, but there is a lack of direct evidence. Additional
support for abnormal citrate homeostasis is the finding of ele-
vated citrate in the CSF and serum of patients with SLC13A5
disorder.” Patients have cognitive delay and profoundly poor
communication and motor skills; however, whether the devel-
opmental impairment is an epileptic encephalopathy remains
unknown. One goal was to understand how ongoing seizures
and interictal epileptiform activity relate to the disorder’s neu-
rologic phenotype.
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To further characterize the SLC13AS5 epileptic phenotype,
we decided to develop a caregiver survey to capture patients
from around the world due to its rarity. Collaborating with the
TESS Research Foundation (a nonprofit disease advocacy
organization), we identified families with affected individuals
and asked them to complete a survey to characterize seizure
semiology, frequency, and treatment regimens. Caregivers
were contacted through email addresses provided by the TESS
Research Foundation. Caregivers were asked to fill out a ques-
tionnaire focused on the patient’s epilepsy phenotype. We also
requested copies of medical records and electroencephalogra-
phies (EEGs) in an attempt to create the most robust phenotypic
characterization to date of SLC13A5 disorder.

Methods

This research was carried out under a Stanford institutional review
board extended approval protocol. Via caregiver submission, the
TESS Research foundation has been collecting patients’ genotypes,
and over 29 separate mutations have been identified to date (https://
tessresearch.org/). Twenty-five caregivers identified by the TESS
Research Foundation were sent an email and asked if they would
volunteer to fill out 2 REDCap surveys, one for them to describe the
epilepsy phenotype of the patient, and one to obtain medical records,
EEGs and MRIs (Supplementary Questionnaires).

Results

A total of 50 EEGs were reviewed from 8 patients; 19 were by
report only, but all 8 patients had at least one EEG tracing
reviewed by BEP. In all cases, the reports (when available)
were compared to impression of the EEG tracing(s), and agree-
ment was present between BEP and the clinical EEG report.
The EEGs were assessed for age of the patients at the time of
the EEG, duration of the EEG, the awake and sleep background
(if present), interictal epileptiform features, and seizures (Sup-
plementary Table 1).

Of the caregivers approached, 9 did not fill out the forms at
all or only in limited detail and were not included in this article.
Seventeen caregivers filled the questionnaire out in full. A total
of 23 patient’s data were included for analysis, 11 males and
12 females from 17 families and the age range was 3 months to
29 years (Table 1). The genetic findings are typical of the
constellation of patients reported to date.' The most common
mutations—c.655G>A p.G219R and c.680 C>T, p.T227M—
are present, along with unique and not previously reported
heterozygous and homozygous mutations, including deletions.

One question frequently asked about SLC13AS disorder due
to its potential metabolic phenotype is “are affected individuals
growth impaired?.”® The growth parameters for age were cal-
culated using the 2000 CDC growth calculator. The mean
weight was 32.7 percentile and height 37.9 percentile, though
a number of patients (7 for weight, 4 for height) were less than
2 standard deviations for age.

All individuals developed epilepsy within the first year of
life. Twenty-two of 23 patients developed epilepsy in the first
week of life. This is in keeping with the literature, which says

that seizures associated with SLC13AS5 mutations start in the
neonatal period.'*

The description of seizure semiology varied. Multiple semi-
ologies were reported in most individual patients, and varied
seizure semiologies were noted within families with more than
one affected individual. There was not a single semiology that
occurred in all of the patients, though generalized tonic—clonic
was most common, reported in 17 (~74%) of the 23 patients.
On average individuals had 1.7 seizure types (range: 0-4; Table
1 and Figure 1). We asked caregivers to describe the seizures in
their own words. Seventeen of the caregivers describe promi-
nent clonic activity, with body parts jerking as part of the
seizures, often of one side or both sides of the body. Sometimes
there is either a tonic component at the beginning or a brief lead in
with a change in appearance, suggesting a focal onset. One EEG
tracing we had access to captured multiple myoclonic seizures.
On video, there is a head turn to the left and jerking of the limbs
without loss of tone associated with high-voltage bifrontal spike
and wave at 3 HZ frequency with a modest, less than a second in
duration right-sided lead-in (Figure 2D).

Seizure frequency varied widely, with one 5-year-old
described as seizure-free off antiseizure medication, but all
other patients reported to be taking antiseizure medication
(Figure 3). Seven of the patients have not had seizures in over
a year or only when ill. However, 10 had daily or weekly
seizures.

Twenty-two medications were listed by caregivers as being
taken for antiseizure purposes (Figure 4). The most common
medications include phenobarbital and valproic acid 9 patients
each. Two atypical antiseizure medications include acetazola-
mide 8 patients and memantine 2 patients. No patients were
reported to be taking pregabalin, phenytoin, tigabine, or zoni-
samide. The number of patients who were having less than a
seizure per year or seizures only with illness are in the column
next to each of the medications. Medications with more than
one patient in the infrequent seizure category include pheno-
barbital (5 of the 9) and valproic acid (4 of the 9).

When asked what medications they felt worked the best for
their child; 5 caregivers said phenobarbital, 4 said valproic
acid, 2 vigabatrin, 2 lacosamide, 1 felbatol, 1 clonazepam, 1
clobazam, 1 acetazolamide, 1 levetiracetam, 1 carbamazepine
or phenytoin, and 1 oxcarbazepine. While mixed in mechanism
of action, multiple GABA, receptor agonist medications
appear in both the common current medications being con-
sumed and the medications they felt worked best for their child.

Fifty EEGs or reports were available for review in 8 of the
patients (Supplementary Table 1). Electroencephalographies
were evaluated by BEP, who is board certified in Epilepsy and
Clinical Neurophysiology. A checklist was used to assess the
background, interictal, and ictal features.

Electroencephalography tracings were available from 3
patients with EEGs during the first week of life. All appeared
to be in status epilepticus with frequent “typical” neonatal
seizures, with focal onset from multiple central or temporal
locations, occurring up to several times per hour, all with a
short duration of less than 2 minutes. The EEG background
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Figure 2. Electroencephalography (EEG): Normal EEG background, awake, asleep, interictal EEG, hemiclonic seizure onset. A, Normal awake
background at 7 years 6 months, patient 9. B, Normal sleep architecture at 4 years 2 months, patient 10. C, Multifocal spikes with otherwise
normal background at 6 years 5 months, patient 8. D, Hemiclonic seizure with head turn to the left and left more than right body jerks, with brief
right-sided lead to a more generalized high-voltage spike and wave, otherwise normal awake background at |1 year 2 months, patient 2.

appeared abnormal during the periods with frequent seizures,
with excessive discontinuity and frequent multifocal spikes and
sharps (Figure 5B). However, after several days, the patients
had improvement in the background with continuous

background, normal features for age, state changes, and multi-
focal sharp transients (Figure 5A).

In older patients outside the neonatal period and up to
24 years of age (Figure 2A-D), the EEG background appeared
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Figure 4. Current medication usage in all patients, including the seizure-free patient subset. The current number of patients using each
medication is shown in blue. The medications of those patients who are seizure free or rare yearly seizures are shown in orange.

normal or had mild theta range slowing. Interictal spiking was
multifocal and/or appeared generalized with bilateral high-
voltage spikes when present though some EEGs were normal.
Patient 2 had 5 brief seizures, less than 15 seconds in a
30-minute EEG, with consistent head and eyes to the left and
had more left body jerking, the EEG correlate appeared as a
generalized spike and a wave discharge, with short lead-in
spikes on the right (Figure 2D).

Discussion

SLCI13AS citrate transporter disorder is rare, with the largest
group collected by the TESS Research Foundation, 87 patients
with 36 different mutations identified to date. The rarity of the
diagnosis and having patients from multiple countries makes it
challenging to collect prospective data or obtain a large retro-
spective cohort of patients. Here, we present data from a cohort

of SLC13AS5 disorder patients (23 patients from 17 families).
Families were included based upon voluntary caregiver partic-
ipation in an email questionnaire. Based on our current experi-
ence, this can be an effective way to amass phenotypic
information on rare disorders that require international identifi-
cation of patients to power studies. Our methodology does have
multiple shortcomings, it is possible that patients may have been
incorrectly diagnosed with SLC13A5 mutations as the cause of
their epilepsy, though only one of the patients’ caregivers did not
provide specific genetic testing results. Luckily, there are mul-
tiple shared similarities in the patients’ epilepsy phenotype to
support acommon etiology. We were provided with a mixture of
clinical reports, EEG reports, and some EEGs for our review that
also seemed to support a relatively consistent EEG and medical
history but we were not able to review medication dosing and
extensive seizure histories from the medical records to corrobo-
rate or further explore some findings. We only supported
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Figure 5. Electroencephalography (EEG): Neonatal EEG background
and neonatal seizure. A, Normal background on day of life 8 in patient
I, with multifocal sharps. B, Seizure onset and excessive discontinuous
background on day of life 3 in patient |2.

participation in English and via the internet further limiting
participation from some countries and skewing toward a higher
socioeconomic status of participants.

All the reported mutations to date are autosomal recessive
with several families having more than one affected child. The
disorder appears to be secondary to a loss of protein function
with inability to transport citrate into homologous expression
systems in vitro. The protein is widely expressed throughout
the body with high levels in liver, testes, teeth, and brain.
Mouse models did find mild decreased bone length and tooth
enamel production.”'® The overall mean growth parameters
(weight and height) in our patients were below average, but
within the normal range for the majority of patients. Multiple
patients, however, were below 2 standard deviations for age.
The questionnaire did not directly address the etiology of this
growth failure, the patients are known to have tooth enamel
issues and significant motor delays, that might impact normal
food consumption. An elevation in citrate in the CSF and serum
of patients with SLC13A5 has been reported, but how elevated
citrate could contribute to growth or to seizures, cognitive, and/
or motor delay is not understood.”'!

Epilepsy was present in all patients and 22 of 23 had
onset in the first week of life. Later in life, the patients had a
variety of seizure semiologies but 17 of them describe seizures
with a prominent clonic, hemiclonic, or whole-body clonic
movements though they do not all start in a similar fashion
some have tonic onset and some with change in behavior sug-
gesting a focal onset. Although most patients stay on seizure

medications, it is possible for patients to have rare seizures and
one patient was reported to be seizure-free off medication. The
wide range of genetic mutations and seizure burden makes
identification of a genotype phenotype correlation unlikely in
this patient population. However, the presence of 5 pairs of
siblings, and one family with 3 children in our cohort having
markedly different seizure frequency suggests a contribution to
their epilepsy beyond the SLC13A5 genotype.

The treatment regimens used in our cohort varied widely and
with varied success in controlling seizures. There are no current
recommendations for specific SLC13A5 epilepsy treatment;
this study suggests several medications clinicians could con-
sider when treating seizures. The 2 most commonly used med-
ications phenobarbital and valproic acid were also associated
with seizure freedom in the most patients and share a common
GABA augmentation mechanism of action, though valproic
acid has numerous targets.'> However, seizure frequency may
relate to phenotypic or other variability irrespective of medica-
tion. Acetazolamide is an atypical medication that may also be
considered. Although only 2 of the 8 patients taking it were
having rare seizures (the rest more frequent seizures), one care-
giver felt it was the most effective medication for their child’s
seizures. The mechanism of acetazolamide’s central nervous
system (CNS) effect is thought to be via decreasing CNS intra-
cranial pressure and lowering Ph, though how this suppresses
seizures is not well understood. It is possible that acetazolamide
could alter excess citrate found in the CNS and support the need
for further study of SLC13AS5 mutations physiologic effects.

Although limited in number, the EEGs reviewed in this
study demonstrated some consistent phenotypic patterns. The
3 EEGs in the neonatal period consistently demonstrated status
epilepticus, and a discontinuous background, followed by nor-
malization of the background with diminished seizures but
multifocal sharps persisting. Electroencephalographies outside
of the neonatal period suggested a well-organized, mostly nor-
mal for age frequencies, even in the face of frequent seizures.
The interictal spikes in these EEGs were high voltage and
multifocal or generalized in appearance. In contrast to other
genetic developmental epilepsy disorders, the EEG findings do
not support an ongoing epileptic encephalopathy.'® Future
studies will need to focus on understanding this disparity
between satisfactory seizure control and even normal EEG
background with persistent neurocognitive dysfunction.

A history of neonatal onset epilepsy, with no other known
etiology, persistent motor and cognitive delay, warrants genetic
testing for SLC13AS5 even in the face of good seizure control
and preserved EEG backgrounds later in life. Future prospec-
tive studies of children with SLC13A5 citrate transporter defi-
ciency seem feasible due to the high level of family
engagement. Focus on improving seizure control should be
only one component of future therapeutic trials and research.
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