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Abstract Pyridoxine-dependent epilepsy (PDE) is a
pharmacoresistant epileptogenic encephalopathy controlled
by pyridoxine supplementation at pharmacological doses.
Despite supplementation, the long-term outcome is often
poor possibly because of recurrent seizures and devel-
opmental structural brain abnormalities. We report on
five patients with PDE from three unrelated families.
The diagnosis was confirmed by ALDH7A1 sequencing,
which allowed for the characterization of two homozygous
variations [NM_001182.3:c.1279G > C - p.(Glu427Gln) and
c.834G > A - p.(Val278Val)]. Brain autopsy was conducted
for one untreated patient with molecularly confirmed
antiquitin deficiency. Macroscopic and histological examina-
tion revealed a combination of lesions resulting from recurrent
seizures and consisting of extensive areas of cortical necrosis,

gliosis, and hippocampic sclerosis. The examination also re-
vealed developmental abnormalities including corpus
callosum dysgenesis and corticospinal pathfinding anomalies.
This case is the second to be reported in the literature, and our
findings show evidence that antiquitin is required for normal
brain development and functioning. Despite prophylactic pre-
natal pyridoxine supplementation during the last trimester of
pregnancy in one of the three families and sustained pyridox-
ine treatment in three living patients, the clinical outcome
remained poor with delayed acquisition of neurocognitive
skills. Combined therapy (pyridoxine/arginine supplementa-
tion and lysine-restricted diet) should be considered early in
the course of the disease for a better long-term outcome.
Enhanced knowledge of PDE features is required to improve
treatment strategies.
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Introduction

Pyridoxine-dependent epilepsy (PDE) is a rare autosomal re-
cessive disease (OMIM#266,100) related to deficiency of al-
pha aminoadipic acid semialdehyde (α-AASA) dehydroge-
nase, or antiquitin (EC 1.2.1.31). The main clinical feature is
a pharmacoresistant epileptic encephalopathy that can be con-
trolled by pyridoxine supplementation at pharmacological
doses. A high mortality rate occurs in the absence of specific
treatment (Striano et al. 2009). Seizure onset usually occurs at
birth, but antenatal and late-onset presentations have also been
reported (Mills et al. 2010, 2006). Multiple types of seizures
have been described, ranging from focal to myoclonic or gen-
eralized tonic-clonic seizures. Electroencephalograms (EEGs)
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may vary from focal discharges to burst-suppression
patterns (Hellstrom-Westas et al. 2002; Mills et al.
2010). Postmortem brain abnormalities have been re-
ported in very few cases (Baxter et al. 1996; Jansen
et al. 2014; Miyasaki et al. 1978). Jansen et al. recently
demonstrated that antiquitin is a glial protein expressed
during embryonic brain development and is therefore
likely to play roles in neurogenesis and neuronal migra-
tion (Jansen et al. 2014). Antiquitin is involved in the
catabolism of lysine, which results in acetyl-CoA as an
end product, and its deficiency is responsible for the accumu-
lation of metabolic intermediates including α-AASA, δ1-
piperideine-6-carboxylate, and pipecolic acid. The chemical
condensation of piperideine-6-carboxylic acid (P6C) with pyr-
idoxal phosphate (PLP), the active form of pyridoxine, under-
lies the pathophysiology of PDE, at least in part. In addition,
α-AASA is a reactive compound that could be involved in
multiple cellular reactions, and its accumulation may alter
brain development. Pyridoxine withdrawal test was common-
ly used to prove PDE, however it may be unsafe and not
reliable in some cases by inducing nonspecific EEG responses
(Bok et al. 2010). This test is replaced by non-invasive and
reliable urinary (or plasma) screening for α-AASA/P6C accu-
mulation (Stockler et al. 2011).

PLP is a coenzyme for 145 enzymes involved in
numerous metabolic pathways (Percudani and Peracchi
2009). Five of six general classes of enzymes include
PLP-dependent enzymes (oxidoreductases, transferases,
hydrolases, lyases, isomerases). Importantly, PLP-
dependent enzymes catalyze steps of neurotransmitter
metabolism (e.g., glutamic acid decarboxylase, which
leads to the conversion of glutamate to γ-aminobutyric
acid), and PLP deficiency may alter neurotransmitter
function and induce epilepsy. However, it is worth not-
ing that even though pyridoxine supplementation suc-
ceeds in controlling clinical and electrical seizure activ-
ity, clinical outcome in PDE is usually poor, with 75 %
of treated patients experiencing developmental delay and/or
intellectual disability (IQ < 70) (Bok et al. 2012; van
Karnebeek and Jaggumantri 2015). A new combined thera-
peutic approach using pyridoxine, a lysine-restricted diet, and
L-arginine supplementation has recently been reported
(Coughlin et al. 2015; van Karnebeek and Jaggumantri
2015; van Karnebeek et al. 2014). Arginine, which limits the
lysine influx into the brain, and a lysine-restricted diet may
reduce the concentration of neurotoxic lysine metabolites and
could improve neurodevelopmental outcome. The present
study aims at describing five patients from three unrelated
families. It includes the initial clinical presentations of the
patients, long-term follow-up for one patient (16 years), a
shorter term follow-up for two patients (9 and 4 years), bio-
chemical and molecular data, and autopsy findings in one
patient.

Patients and methods

Patients

Family 1

The first child (P1) was born at 37 weeks of gestation (WG) to
consanguineous parents of the third degree. Forceps delivery
was necessary due to abnormal fetal heart rhythm. Routine
antenatal ultrasound (US) performed at 22 WG revealed com-
plete isolated agenesis of the corpus callosum, confirmed by
fetal magnetic resonance imaging (MRI) performed at 30
WG (T1, T2, and FLAIR sequences). There were no
associated abnormalities in the intermediate zone. The
neonate weighed 3985 g at birth (normal at 37–38 WG:
2813.1 ± 395.3 g, >97th percentile), and height was 51 cm
(normal at 37–38WG: 49.3 ± 2.5 cm 75th percentile). He had
macrocrany (head circumference of 38 cm; normal at 37–38
WG: 32.8 ± 1.6 cm, >97th percentile), according to (Guihard-
Costa et al. 2002). Apgar scores were 10/10. At 1 h of life, he
presented eye rolling, jitteriness, mouthing movements, and
cyanotic spells, which rapidly resolved after phenobarbital
infusion. Three seizures lasting 1 to 15 min occurred again
within the first 2 days of life despite intravenous administra-
tion of phenobarbital and phenytoin. The neonate required
intubation and assisted ventilation for 5 days. On day 1, bio-
logical tests for blood glucose levels were normal, and lactate
level and pH were measured at 2.8 mmol/L and 7.34, respec-
tively. EEG examination performed at 1 and 2 days of life
showed background discontinuity with no modulation of
sleep stages or seizures. At 4 days of life, EEG displayed
continuity of the background but with a low voltage.
Antiepileptic treatment was replaced by valproic acid. Brain
MRI performed at 9 days of life revealed extracellular
vasogenic edema of the deep white matter that appeared as a
hyposignal on diffusion sequences as well as hypersignal on
T1 sequences corresponding to right transverse sinus throm-
bosis. The patient’s status gradually improved, and he was
discharged from the hospital at the age of 13 days. Two
months later, he developed recurrent seizures consisting of
mouthing, abnormal eye movements, and generalized stiffen-
ing of the limbs. The child was hypotonic, EEG was normal,
and no seizures were registered. Lamotrigine and clobazam
were introduced in addition to valproic acid. One week later
EEG showed focal right or left seizures with secondary gen-
eralization. Brain MRI showed delayed myelination on T1
sequences. Clonazepam treatment was introduced and then
replaced by vigabatrin. At 1 year of age, he presented tonic
seizures refractory to high doses of clonazepam, phenobarbi-
tal, phenytoin, midazolam, nesdonal, lorazepam, and
xylocaine. He required intubation and assisted ventilation.
EEG showed extreme background discontinuity. Brain MRI
revealed cortical and basal ganglia edema that appeared in
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hypersignal on T2 sequences, and on T1 sequences partial
agenesis of the corpus callosum with Probst bundles
(Supplementary Fig. 1A). The child died at the age of
14 months. He had never been given pyridoxine, and the di-
agnosis was made in his sister (P2) born 3 years later at 36
WG. Fifteen hours after birth, the neonate presented irritabil-
ity, abdominal distension, myoclonic jerks, and respiratory
distress. Biological tests revealed metabolic acidosis (lactacte
level at 11 mmol/L) and severe hypoglycemia (0.6 mmol/L).
EEG showed background discontinuity with no epileptic sei-
zures. Myoclonic jerks ceased within 5 min after pyridoxine
administration (100mg intravenously). Normalization of EEG
profile was observed 2 days later. Brain MRI performed at
4 days of life revealed diffuse white matter hypersignal on
T2 sequences in both cerebral hemispheres and cortical edema
(Supplementary Fig. 1B). A 15 mg/kg/d (p.o.) pyridoxine
treatment was introduced, with a gradual increase to 20 mg/
kg/d at 3 weeks of life and 25 mg/kg/d at 6 weeks of life. At
9 months of life, physical examination was normal. At 1 year
of age, delayed psychomotor acquisitions were noted, with
sitting difficulties that persisted until 14 months of age.
Speech acquisition was initially normal, but speech therapy
was introduced at 3 years of age. She was able to walk without
any help at the age of 24 months. Since then, motor and cog-
nitive development have progressed normally, while mild psy-
chomotor retardation persisted. The child is currently 4 years
old and being treated with a pyridoxine dosage of 500 mg/d
(p.o.).

Family 2

The propositus (P3) was the second male child born at term to
consanguineous parents of the first degree following an un-
eventful pregnancy. One hour after birth he presented with
respiratory distress, along with lid spasms, mouthing, and ste-
reotypic jerks of the superior limbs. EEG displayed multiple
left hemispheric spike-wave discharges. MRI analysis re-
vealed corticospinal tract abnormalities. Seizures were initial-
ly treated with intravenous pyridoxine (100 mg) infusion
without any improvement. They were eventually controlled
using a combination of phenobarbital, phenytoin, and clonaz-
epam. At 4 months of age, the patient was admitted for status
epilepticus, which was treated by antiepileptic drugs including
valproate (30 mg/kg/d) and vigabatrin (100 mg/kg/d). At
5 months of age, he was again hospitalized for status epilep-
ticus refractory to antiepileptic treatment. Pyridoxine (15 mg/
kg/d p.o.) paired with phenobarbital allowed for clinical im-
provement. At 8 months of age, he presented respiratory sep-
sis with recurrent seizures and died despite intensive resusci-
tation and treatment reinforcement. A third pregnancy was
interrupted owing to antenatal discovery of the same mutation
while the fourth daughter was healthy. Family history study
revealed that the first female child had presented a similar

clinical history and died at 9 months of life (Supplementary
Fig. 2A patient VI:1). A female maternal cousin also died at
2 years of age from epilepsy (Supplementary Fig. 2AV:7).

Family 3

A female child (P4) was born at 36 WG to unrelated parents.
Her birth weight, height, and head circumference were 2400 g
(normal at 35–36 WG: 2460.8 ± 342.1 g, 50th percentile),
43.5 cm (normal at 35–36 WG: 47.1 ± 2.4 cm, 10th percen-
tile), and 34.5 cm (normal at 35–36 WG: 31.6 ± 1.6 cm, 95th
percentile), respectively. The pregnancy had been uneventful,
and the mother did not report any abnormal fetal movements.
Routine US examination performed during the third trimester
revealed an isolated mild cerebral ventricular dilatation. At
birth, the child presented neonatal respiratory distress. At
1 day of life, she presented proximal myoclonic jerks with
spontaneous flexion of the four limbs highly suggestive of
seizures. She had global hypotonia and almost no archaic
reflexes. EEG showed alterations consisting of discontinuous
background activity with no epileptic activity. Brain US
displayed moderate ventricular dilatation and a small right
periventricular hemorrhage. MRI carried out at day 5 revealed
a right frontal pseudocyst of germinolysis on T1 and T2 se-
quences and a hypersignal on T2 sequences in the left
periventricular area related to calcification and confirmed
subependymal hemorrhage visible as a hyposignal on T1 se-
quences. Gyration and corpus callosum were normal. At
6 weeks of age, she presented tonic-clonic seizures with sec-
ondary generalization confirmed by EEG, which were treated
with phenobarbital (20 mg/kg), phenytoin (8 mg/kg per 8 h),
sodium valproate (40 mg/kg), and vigabatrin (until 150 mg/
kg). Initial treatment with pyridoxine (15 mg/kg/d, p.o.), cor-
responding to a standard dose of 50 mg/d for a child weighing
3.5 kg, failed to stop seizures with withdrawal after 48 h. In
addition, she had macrocrany (head circumference measured
at 40 cm; normal at 6 weeks: 37.5 cm, >97th percentile) with a
high forehead, but no facial dysmorphism. Due to neurologi-
cal distress as well as persisting seizures, pyridoxine was
reinitiated at 15 mg/kg/d (p.o.). Amino acid chromatography,
organic acid chromatography, ammonemia, and lactic acid
concentration were normal, and carbohydrate-deficient glyco-
protein syndrome testing was negative. At 5 months of age an
attempt at therapy withdrawal was made, but 36 h later she
presented nausea, horizontal nystagmus of the right eye, and
loss of consciousness. Facial cyanosis was noted, along with
clonic movements of the right hand and both lower limbs.
Pyridoxine reintroduction at 7 mg/kg/d (p.o.), corresponding
to 50 mg/d for a child weighing 7 kg, allowed for the disap-
pearance of all neurological signs, and the diagnosis of PDE
was made. At 8 months of age, the pyridoxine dosage was
increased to 11 mg/kg/d (p.o.) (100 mg/d for a child weighing
9 kg) but failed to control seizures. A chronic pyridoxine
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dosage of 500 mg/d (p.o.) was then started. At 5 years of age,
she presented with delayed acquisition of neurocognitive
skills, particularly for graphics, and growth retardation, with
a height at −2 SD. At 9 years old, she experienced difficulties
in mathematics. At the age of 16, executive function disabil-
ities persisted so that school difficulties worsened. The second
and third sisters are in good health.

The fourth female child (P5) was born at term 9 years after
her affected sister. The mother had been supplemented with
pyridoxine (500 mg/d p.o.) during the last trimester of preg-
nancy. At 8 days of life, the child was admitted to the hospital
for seizures. Neurological examination and EEGs were nor-
mal. She was immediately given vitamin B6 therapy at high
doses from seizure onset (70 mg/kg/d or 250 mg/d p.o. for a
child weighing 3.5 kg), and no recurrent seizures were ob-
served. At 12 months, she had mild macrocrany with a head
circumference > 3 SD without significant ventricular dilata-
tion. Neurological examination was normal, although she was
not able to sit without support. At 18 months of age, she was
able to walk by herself, but she presented delayed speech
acquisition. At 3 years of age, understanding was nor-
mal but expressive language was delayed. A mild cra-
niofacial dysmorphism was noted, which consisted of
down-slanting palpebral fissures; her hands were short
with thick fingers. Six years later, growth parameters
remained normal, and she was at an appropriate classroom
level at ordinary school, but delayed language acquisition
persisted, along with dyspraxia and executive function and
attention difficulties.

Methods

Autopsy procedures

An autopsy restricted to the brain was performed in the first
child of family 1 (P1) with the informed consent of both par-
ents and according to French law. The brain was fixed in a
10% formalin-zinc buffer solution for 1 month. Brain biomet-
ric dates were evaluated according to (Ludwig 2002).Multiple
7-μm sections obtained from paraffin-embedded blocks were
stained using hematoxylin–eosin to identify the lesions and
phloxin-luxol fast blue to evaluate brain myelination.
Routine immunohistochemical studies were also carried out,
using antibodies directed against glial fibrillary acidic protein
(1:300; Dakopatts, Trappes, France) to evaluate reactive
gliosis intensity and location.

Brain MRI

TheMRI used in Rouen University Hospital for families 1 and
3 was DXT 1.5 Tesla 2008. Family 2 was investigated in the
Military Hospital of Tunis using Siemens 3 Tesla.

Molecular analyses

Genomic DNA was extracted from venous blood using
QIAamp DNA Blood Mini Kit® Qiagen and was amplified
in vitro by PCR. Multiple pairs of primers were synthesized to
amplify each of the ALDH7A1 exonic regions, including intron/
exon boundaries and the promoter. Primers used to amplify the
genomic sequences were designed according to the sequence
NM_001182.3 (primer sequences are available upon request).
PCR amplifications were carried out in 1X Thermo Scientific
Buffer IV (75mMTris-HCl pH 8.8, 20mM (NH4)2SO4, 0.01%
Tween 20), 1.5 mM MgCl2, 100 μM dNTPs, 0.025 U/μL Taq
polymerase (Thermo Scientific), 0.6 μM of each primer).
Touchdown PCR consisted of one cycle of 95 °C for 5 min
for the initial denaturation step followed by 12 cycles of dena-
turation at 95 °C for 25 s, varying annealing (60 °C to 48 °C) for
25 s, and extension at 72 °C. Then, 35 cycles were performed as
follows: denaturation at 95° for 25 s, annealing at 48° for 25 s,
and extension at 72 °C for 25 s. PCRwas terminated after a final
cycle at 72 °C for 5 min. Direct sequencing of DNA fragments
was performed with an ABI Prism BigDye Terminator cycle
Sequencing Ready Reaction Kit (PE Applied Biosystem and
ABI model 3130xl Genetic Analyzer). The patient’s ge-
nomic sequence was compared with the reference sequence
by using Variant Reporter software (Applied Biosystem). The
identified variations were mined by ALAMUT software
(Interactive-Biosoftware). The described variations were
named according to the current nomenclature recommenda-
tions (http://www.hgvs.org/mutnomen).

Results

Molecular findings

The clinical diagnosis of PDE in the reported patients
was confirmed by genetic studies. ALDH7A1 sequencing
revealed two deleterious homozygous variations:
ALDH7A1 : Chr5(GRCh37):g .125887751C > G;
NM_001182.3:c.1279G > C - p.(Glu427Gln) in patients
P1, P2 and P3 from families 1 and 2 and ALDH7A1;
C h r 5 ( G R C h 3 7 ) : g . 1 2 5 9 0 3 9 8 8 C > T ;
NM_001182.3:c.834G > A - p.(Val278Val) in patients P4
and P5 from family 3 (Supplementary Fig. 2). These varia-
tions were present in a heterozygous state in the unaffected
carrier parents from families 1 and 2.

The p.(Glu427Gln) variant, located in exon 14, accounts
for 30 % of the reported mutated alleles (Bennett et al. 2009;
Mills et al. 2006; Salomons et al. 2007). The synonymous
variation in exon 9, p.Val278Val, is located within a cryptic
splicing site, 40 nucleotides upstream of the authentic donor
site of intron 9. Its presence favors the use of the cryptic site
and induces alternate splicing (Salomons et al. 2007).
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Two prenatal diagnoses were performed in family 2 by
molecular analysis using trophoblast samples. The first fetus
homozygous variant p.(Glu427Gln) was identified, leading to
medical termination of the pregnancy while the fourth
daughter was healthy.

Autopsy findings

The child displayed no cranio-facial dysmorphism. Brain
weight was 1114 g (normal at 14 months: 944 g). External
examination of the brain revealed diffuse swelling of the con-
volutions with narrowing of the sulci (Fig. 1a). On coronal
sections, all brain structures were macroscopically normal,
except for the corpus callosum, which was severely

dysgenetic, with hypoplasia in its anterior part and absence
in its posterior part, with Probst bundles on the left side and
fragmentation on the right side (Fig. 1b). A mild asymmetric
ventricular dilatation was also noted (Fig. 1b), along with a
diffuse congestion of infratentorial structures. Histological ex-
amination of the brainstem revealed bilateral vacuolization of
the pons, with dysmorphic, misplaced, and fragmented pyra-
midal tracts (Fig. 1c), but pyramidal decussation was identifi-
able. No olivary pachygyria was observed, and cranial nerve
nuclei were normal. No lesions were present in the cerebel-
lum. Otherwise, brain myelination was in accordance with the
age. At the supratentorial level, diffuse vacuolization of the
cortex and neuronal loss were observed. Cortical lamination
was almost indiscernible in some areas, particularly in the

Fig. 1 Main macroscopic and histological lesions hallmarks of
pyridoxine-dependent epilepsy observed in patient P1, family 1. a
Macroscopic superior view of the brain displaying diffuse swelling of
convolutions. b Coronal section passing through the thalami, showing
mild asymmetric ventricular dilatation, left Probst bundle (thin arrow)
and right dysgenesis (thick arrow). c Histological section passing
through the pons exhibiting a symmetric vacuolization of the central
tegmental tracts and superior cerebellar peduncles (asterisks), with
aberrant dorsally placed corticospinal tract fascicles (thick arrow) and
dysmorphic fragmented fascicles (thin arrow) (Phloxin-Luxol fast blue

staining, OM × 25). d Diffuse neuronal necrosis and cortical
lamination loss replaced by neocapillaries and gliosis in the
temporal cortex (hematoxylin and eosin staining, OM × 25). e
Hippocampal sclerotic lesions with almost complete disappearance
of the dentate gyrus (arrow) and massive loss of pyramidal cells
in the CA1 and CA3 fields of the Ammon’s horn with relative
sparing of CA2 field (hematoxylin and eosin staining, OM × 100). f
Histological view of the left Porbst bundle, made of disorganized
callosal fibers (hematoxylin and eosin staining, OM × 100)
OM = original magnification
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frontal cortex, where reactive gliosis associated with
neocapillaries replaced the necrotic cortical ribbon (Fig. 1d).
Areas of ischemic necrosis with gliosis were observed in the
white matter of the temporal poles, but no migrational abnor-
malities were observed in the hemispheric white matter or in
the periventricular areas. No calcified neurons were observed
in the basal ganglia or thalami. Hippocampic sclerotic lesions
were also observed, consisting of hypotrophic and discontinu-
ous dentate gyrus with a complete loss of pyramidal cells
(Fig. 1e). Right dysgenetic and interrupted corpus callosum
and left Probst bundles were histologically confirmed (Fig. 1f).

Discussion

The classification of epilepsy is based not only on the semiol-
ogy but also, and mainly, on its etiology. Symptomatic sec-
ondary epilepsy results from an independent primary pathol-
ogy, monogenic disorders (e.g. channelopathy or inborn error
of metabolism) tumor, trauma, infectious process, and antena-
tal cerebrovascular insufficiency, regardless of the cause lead-
ing to hypoxic-ischemic injury. Conversely, seizures occur-
ring in the context of inborn errors of metabolism that have
a primary effect on the nervous system typically manifest with
epilepsy and fall into the group of primary epileptic encepha-
lopathies. In this group of diseases, epilepsy may occur during
the neonatal period, or later, even during adolescence.
Some of them are at least partly treatable, particularly
PDE, provided that it is recognized as early as possible.
In PDE, a variety of seizure types have been described,
in addition to various types of lesions revealed in im-
aging studies; however, none of the signs or symptoms
have been sufficiently specific to alert the clinician and
provide some diagnostic clues prior to biochemical and
genetic results.

Based on imaging studies, two main categories of changes
coexist in PDE: lesions secondary to epilepsy and brain struc-
tural abnormalities. In the original report of six patients by
Baxter et al., lesions resulting from epilepsy consisted of mild
generalized atrophy of gray and white matter, with ventricular
dilatation, whereas structural brain anomalies consisted of cer-
ebellar hypoplasia and focal parietal cortical dysplasia (Baxter
et al. 1996). Three recent studies (Bok et al. 2012; Mills et al.
2010; Perez et al. 2013) reported a total of 44 from patients
with PDE. These scans were performed during the neonatal
period and later in life and in children for whom pyridoxine
supplementation prior to birth was used. MRI results were
considered to be normal in 10 cases (25 %). Corpus callosum
abnormalities including hypoplasia, partial agenesis, or dys-
plasia represented the most frequent lesion (15/44 patients,
34 %), and white matter anomalies (delayed myelination,
white matter signal intensity and density on T2-weighted im-
ages) and ventricular dilatation/hydrocephalus were observed

in 7/44 patients (16 %). Posterior fossa abnormalities includ-
ing mega cisterna magna and cerebellar hypoplasia were
found in nine patients (20 %). Intriguingly, excitotoxic/
hypoxic-ischemic encephalopathy and periventricular
leukomalacia were detected in only five patients (11 %), and
hippocampal sclerosis was not documented in any of the
cases, although some of these patients had presented with
status epilepticus. In addition, a systematic evaluation of cor-
pus callosum morphology and cross-sectional cerebral area in
30 individuals with PDE versus a control group revealed a
markedly reduced callosal area in the entire group with PDE
(Friedman et al. 2014).

To our knowledge, only one exhaustive postmortem neu-
ropathological study of confirmed PDE has been reported so
far (Jansen et al. 2014), and only 12 autopsy cases of
suspected PDE were reported before 2001, with no genetic
confirmation of the disease (Baxter 2001; Lott et al. 1978;
Miyasaki et al. 1978). In these reports, lesions consisted of
gliosis, cerebral edema, small intracerebral hemorrhages, neu-
ronal loss in the thalamus and decreased white matter volume.
Brain structural lesions consisted of thinning of the corpus
callosum and irregular lobulation of the cerebellum. In a re-
cent case described by (Jansen et al. 2014), a surgical resection
of right occipital and posterior parietal lobe had been per-
formed at the age of 15 months, and the examination revealed
severe dyslamination of the cortex with microcolumnar focal
cortical dysplasia. Postmortem neuropathological examina-
tion performed at the age of 9 years revealed patchy cortical
gliosis with an increased number of interstitial neurons in the
white matter and small neurons heterotopias in the insular
area, which were not observed in our case. By contrast, lesions
related to status epilepticus were more diffuse in our case, with
extended areas of cortical necrosis and gliosis predominating
in the frontal and temporal cortices. Hippocampic sclerosis,
which was observed in our case, was also reported by Jansen
et al. and is known to result from status epilepticus. Neuronal
loss involves neuron groups that are vulnerable, particularly
cortical neurons (especially pyramidal cell layer III) and hip-
pocampal neurons (CA1 and CA3 fields and sometimes af-
fecting the full length of the hippocampus). As reported by
Jansen et al., histological examination of infratentorial struc-
tures revealed a combination of secondary lesions to epilepsy
with developmental anomalies (Jansen et al. 2014). Taken
together, our findings and those of Jansen, which are summa-
rized in Table 1, provide evidence that antiquitin is most likely
required for normal brain development and functioning. To
our knowledge, very little is known about the roles of
antiquitin during development, apart from severe develop-
mental anomalies of the optic cup in ALDH7A1 knock-down
zebrafish (Babcock et al. 2014). Antiquitin has been also
shown to be necessary for proper development of the inner
ear (Skvorak et al. 1997). More recently, Jansen et al. found
that antiquitin is expressed in the radial glia, the common
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progenitor that gives rise to different cell lineages in the de-
veloping central nervous system (CNS), but not in mature
neurons. This finding suggests that antiquitin most likely acts
during the early events of CNS development. Corticospinal

tracts and corpus callosum develop during the 10th and
20th week of gestation, that argues in favor of its key
role in the formation of decussating and projecting fibers (as
observed in patient P1).

Table 1 Exhaustive postmortem neuropathological studies in two cases with confirmed PDE

Findings Autopsy case of Jansen et al. Our autopsy case (P1)

Clinical – At 8 days of life: - clinical seizures not controlled despite
antiepileptic treatment (phenobarbital, phenytoin,
topiramate, valproic acid, zonisamide and clonazepam) as
well as implantation of a vagus nerve stimulator and use of
ketogenic diet. Prolonged seizures only responded to
parenteral benzodiazepines and continuous pentobarbital
infusions.

– encephalopathy with lethargy, irritability, hypotension and
acidosis.

–At 15months: surgical lobectomywith resection of the right
occipital and posterior parietal lobes without improvement
of seizure control.

– At 3 years: Pyridoxine supplementation (clinical diagnosis
of PDE in her younger sister with neonatal seizures too).

Severe neurodevelopmental disabilities despite excellent
seizure control including: diffuse hypotonia, poor head
control, minimal use of hands and limited communication
skills, complicated by severe constipation resulting in
impaction requiring surgical management with several
postoperative complications.

– Death at 9 years.

– At 1 h of life: eye rolling, jitteriness, mouthing movements
and cyanotic spells which rapidly resolved after
phenobarbital infusion. Persistence of seizure despite
phenobarbital and phenytoin intravenous administration,
required intubation and assisted ventilation for 5 days
(antiepileptic treatment replaced by valproic acid at 4 days).

– At 2 months: recurrent seizures consisting in mouthing,
abnormal eye movements and generalized stiffening of the
limbs. Introduction of Lamotrigine and clobazam in
addition to acid valproic, then 1 week later of Clonazepam
replaced by vigabatrine.

– At 1 year: status epilepticus resisted to antiepileptic
treatments with high doses and required intubation and
assisted ventilation.

No pyridoxine supplementation (diagnosis of PDE done in his
sister born 3 years later).

– Death at 14 months.

Neuroradiological
(Brain MRI)

– At 13 months: normal.
– At 20 months: thinning of the corpus callosum, signal

abnormality of the white matter suggestive in the periatrial
region and posterior centrum semiovale, delay in
myelination, bilateral high signal intensity in the
hippocampus, and prominence of the cortical sulci.

– At 30WG: complete isolated agenesis of the corpus
callosum.

– At 9 days: white matter edema along with agenesis of the
corpus callosum and thrombosis of the right transverse sinus.

– At 2 months: delay in myelination.
– At 1 year: cortical and basal ganglia edema.

Neuropathological
(postmortem brain
examination)

Brain lesions secondary to epilepsy
– Abnormal myelinated fiber organization in basal ganglia

with gliosis and formation of gray nodules, characteristic
of status marmoratus.

– Pale, atrophic and gliotic hemispheric white matter with
scattered microcalcifications most abundant around the
ventricles.

– Hippocampic sclerosis bilaterally with severe loss of
neurons in CA1, CA3, and dentate gyrus.

– Focally eroded and gliotic ependyma of the lateral
ventricles.

– Variable patchy loss of Purkinje cells with Bergmann
gliosis in cerebellar cortex.

Developmental brain lesions related to antiquitin deficiency
– No dysgenesis of the corpus callosum.
– No ventriculomegaly.
– Variable cortical dyslamination with microcolumnar focal

cortical dysplasia.
Neuronal subcortical heterotopias in the insular regions.
– Ferruginated neurons observed in basal ganglia and gliotic

thalamus.
– Mildly atrophic of pontine nuclei and inferior olives.
Dentate nuclei broken into discontinuous clusters rather than

smooth ribbons.
– Pyramidal tracts relatively intact.

Brain lesions secondary to epilepsy
– Diffuse swelling of the convolutions with narrowing of the

sulci.
– Diffuse vacuolization of the cortex and neuronal loss.
–Areas of ischemic necrosis with gliosis in the whitematter of

the temporal poles.
– Hippocampic sclerosis consisting in hypotrophic and

discontinuous dentate gyrus with a complete loss of
pyramidal cells.

– No ependymal abnormalities.
– No lesions in the cerebellum.
– Bilateral vacuolization of the pons.
Developmental brain lesions related to antiquitin deficiency
– Severely dysgenetic corpus callosum with hypoplasia in its

anterior part, and absence in its posterior part with Probst
bundles on the left side and fragmentation on the right side.

– Mild assymetric ventricular dilatation.
– Cortical dyslamination particularly in the frontal cortex

without microcolumnar organization.
– No migrational abnormalities of neurons.
–No calcified or ferruginated neurons in the basal ganglia and

thalami.
– No abnormalities of olives, pontine nuclei or dentate nuclei.
– Dysmorphic, misplaced and fragmented pyramidal tracts.

Molecular ALDH7A1 heterozygous variations: c.[750G > A] (splice
error) + c.[505C > T] (Pro169Ser)

ALDH7A1 homozygous variation: c.1279G > C -
p.(Glu427Gln)
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Despite early pyridoxine treatment in patients P2, P4, and
P5, and even an antenatal supplementation in patient P5, the
outcome was poor with a mild developmental delay. Of note,
the prenatal pyridoxine supplementation in the pregnant moth-
er was initiated during the last trimester. Afterwards, early
supplementation was recommended with variable effect; in-
deed, Bok et al. reported good developmental outcome after
prenatal treatment in three patients (Bok et al. 2012), although
this treatment did not prevent poor cognitive outcome in two
other patients (Rankin et al. 2007). These findings are in ac-
cordance with the variable clinical outcomes reported in pa-
tients treated with pyridoxine; few reports describe a favorable
outcome (Oliveira et al. 2013; Proudfoot et al. 2013; Riikonen
et al. 2015), and a high proportion of treated patients present
with intellectual disability (Bok et al. 2012; van Karnebeek
and Jaggumantri 2015). This could be explained by the poten-
tial importance of antiquitin for brain development. To control
seizures and to prevent neurodevelopmental impacts, early
diagnosis of PDE and new treatment strategies including a
lysine-restricted diet with pyridoxine and arginine supplemen-
tations are required.
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