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GLUT1 mutations are a cause of paroxysmal
exertion-induced dyskinesias and induce
hemolytic anemia by a cation leak
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Paroxysmal dyskinesias are episodic movement disorders that can be inherited or are sporadic in nature.
The pathophysiology underlying these disorders remains largely unknown but may involve disrupted ion
homeostasis due to defects in cell-surface channels or nutrient transporters. In this study, we describe a fam-
ily with paroxysmal exertion-induced dyskinesia (PED) over 3 generations. Their PED was accompanied by
epilepsy, mild developmental delay, reduced CSF glucose levels, hemolytic anemia with echinocytosis, and
altered erythrocyte ion concentrations. Using a candidate gene approach, we identified a causative deletion
of 4 highly conserved amino acids (Q282_S285del) in the pore region of the glucose transporter 1 (GLUT1).
Functional studies in Xenopus oocytes and human erythrocytes revealed that this mutation decreased glucose
transport and caused a cation leak that alters intracellular concentrations of sodium, potassium, and calcium.
We screened 4 additional families, in which PED is combined with epilepsy, developmental delay, or migraine,
but not with hemolysis or echinocytosis, and identified 2 additional GLUT1 mutations (A275T, G314S) that
decreased glucose transport but did not affect cation permeability. Combining these data with brain imaging
studies, we propose that the dyskinesias result from an exertion-induced energy deficit that may cause episodic
dysfunction of the basal ganglia, and that the hemolysis with echinocytosis may result from alterations in

intracellular electrolytes caused by a cation leak through mutant GLUT1.

Introduction

Paroxysmal dyskinesias (PDs) are characterized by involuntary
movements triggered by certain stimuli such as sudden move-
ment or prolonged exercise. They are classified into paroxysmal
kinesigenic dyskinesia (PKD or PKC for paroxysmal kinesigenic
choreoathetosis), paroxysmal nonkinesigenic dyskinesia (PNKD),
and paroxysmal exertion-induced (PED) subtypes. PKD, the most
common form, typically presents with brief (seconds to minutes)
and frequent dyskinetic attacks provoked by sudden movements,
responding well to anticonvulsive agents such as carbamazepine.
Attacks in PNKD last from 10 minutes up to several hours and
can be triggered by caffeine, alcohol, or fatigue. Response to treat-
ment is usually poor. The most successful agents are benzodiaz-
epines, and some benefit has been reported for flunarizine and
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carbamazepine. PED is characterized by dyskinesias induced by
prolonged exercise of 15-60 minutes duration. The attacks last
between 5 minutes and 2 hours and are typically restricted to the
exercised limbs. Treatment is difficult, but some beneficial effects
have been described for anticonvulsants. The dyskinesias in all
of these 3 syndromes include varying combinations of dystonic,
choreatic, athetotic, and ballistic features (1). Rare syndromes of
PDs combined with other symptoms have also been described,
for example, paroxysmal choreoathetosis/spasticity with episodic
ataxia (CSE) (2), benign familial infantile convulsions and parox-
ysmal choreoathetosis (ICCA) (3), and autosomal recessive rolan-
dic epilepsy with PED and writer’s cramp (RE-PED-WC) (4). PDs
can occur as either inherited or sporadic/symptomatic forms. For
some symptomatic cases, lesions within the thalamus or the basal
ganglia have been described (S5).

Although mutations in the MRI gene located on chromosome
2q35 encoding a protein with unknown function have been
described for PNKD (6, 7), the underlying pathophysiology of
PDs remains largely elusive. Analogous to idiopathic epilepsies
and other episodic neurological disorders (8, 9), disruption of
ionic homeostasis by dysfunction of channels or transporters
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could play a pathophysiological role in PDs. This hypothesis was
recently confirmed by detection of a mutation in a calcium-acti-
vated potassium channel gene in a family with idiopathic epilepsy
and a form of PD most resembling PNKD (10). Linkage to chro-
mosome 16p12-q12 has been described for PKD, ICCA, benign
familial infantile seizures alone (BFIS), and RE-PED-WC (3, 4, 11),
but an underlying genetic defect has not been identified for any
of these disorders. The genetics and pathophysiology of PED are
currently not known.

Passive diffusion of glucose across the blood-brain barrier and
into red blood cells is facilitated by the glucose transporter 1
(GLUT1). Heterozygous mutations occurring mainly de novo in
the SLC2A1 gene encoding GLUT1 impair glucose transport into
the brain by a haploinsufficiency mechanism (12-14). The classic
phenotype of this condition, designated as GLUT1 deficiency syn-
drome (MIM606777), comprises deceleration of head growth, severe
motor and mental developmental delay, epilepsy, and further com-
plex neurological symptoms with spasticity, dystonia, and ataxia.
Hypoglycorrhachia, a lowered ratio of the glucose levels in cerebro-
spinal fluid (CSF) and serum, is the clinical laboratory hallmark.
Treatment with a ketogenic diet that provides ketone bodies as alter-
native energy source for the brain is reported to result in marked
improvement of seizures and other neurological symptoms. Since
the first description of GLUT1 deficiency syndrome in 1991 (12),
a carbohydrate-responsive phenotype, with clinical features aggra-
vated by fasting and improved after carbohydrate intake (15),and a
single patient with mild mental retardation and intermittent ataxia
(16) or predominant dystonia (17), but without epilepsy, have been
reported. PDs and hematological symptoms have not been described
to be associated with SLC2A1 mutations so far, although GLUT1 is
the primary glucose transporter of red blood cells.

Here we present the details of a neuro-hematological syndrome
in a 3-generation family, in which PED is associated with epilepsy,
mild developmental delay, and hemolytic anemia with deformed
erythrocytes. We identified the underlying genetic defect — a
unique mutation predicting a 4-amino acid deletion in the pore
region of GLUT1 — and have elucidated its molecular pathophysi-
ology — a cation leak with reduced glucose transport — using a
range of electrophysiological, transport, and biochemical assays.
Two additional mutations in the same gene were subsequently
found in independent families with PED associated with epilepsy
or migraine, but without hemolysis or echinocytosis. Altogether,
we believe we have identified mutations in GLUT1 as a first genetic
cause of PED and propose that a unique cation leak of this glucose
transporter can induce hematological symptoms.

Results

Clinical evaluation of family PED1

Individual 11I-2 (40 years of age, index case). With onset at 6 years,
the index patient (see Figure 1A for kindred) has been suffer-
ing from episodes of involuntary exertion-induced dystonic,
choreoathetotic, and ballistic movements lasting minutes to
hours (usually 5-15 minutes). The attacks occur after prolonged
exercise, affecting exclusively the exercised limbs (Supplemental
Movie 1; supplemental material available online with this article;
doi:10.1172/JCI34438DS1). After puberty, the symptoms became
more frequent. He had to stop to work as a boatman and started
a professional retraining program at age 32. The interictal neuro-
logical examination was normal. Neuropsychological evaluation
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revealed slight deficits in attention concerning complex tasks
and verbal memory.

After about 20 minutes of continuous exercise at 150 watts with
a heart rate of about 120 beats per minute on a bicycle ergometer
(below anaerobic level), dystonia and involuntary choreoath-
etotic and ballistic movements occurred reproducibly in the legs
(Supplemental Movie 1). The dyskinesias usually disappeared
immediately when exercise was stopped but sometimes contin-
ued while at rest for up to 2 hours after exercising. Serum lactate
and pyruvate and a lactate-ischemia test of the forearm revealed
normal values confirming normal metabolism in skeletal mus-
cle. Ictal and interictal EEG recordings were normal, as were
electromyography, nerve conduction studies, somato-sensory-
evoked potentials and central conduction times as determined
using transcranial magnetic stimulation.

Treatment with carboanhydrase inhibitors (acetazolamide, up
to 250 mg/day, and diclofenamide, 150 mg/day) showed limited
benefit for 6-9 months. Low doses of levodopa (50-100 mg/day)
and gabapentin (up to 4,800 mg/day) had no effect. A ketogenic
diet was started and its effects were monitored using a bicycle
ergometer with constant efforts of 150 watts. Before and within
the first 4 days of the diet, dyskinesias occurred 17-21 minutes
after onset of exercising. At days 5 to 7, dyskinesias appeared only
after 40 minutes. After 4 weeks of the diet, the patient had to stop
the ergometer test after 50 minutes due to exhaustion, but no dys-
kinesias appeared. However, the patient stopped the ketogenic diet
despite its effectiveness due to difficulties in following the strict
composition of the dietary regime.

Individual II-2 (60 years of age). The mother of the index patient
reported very similar but less severe symptoms since school age
(“cramps” and similar involuntary movements after exercise).
Beside the typical symptoms of the lower extremities, she also
reported stiffness of her fingers after typing. In contrast to the
disease course of her son, there were less frequent symptoms since
the age of 35 and they disappeared completely after the age of 45.
At the age of 53, the neurological examination was normal. Only
mild deficits were found during neuropsychological assessment,
affecting verbal memory and frontal functions. One hour of con-
tinuous exercise on a bicycle ergometer did not provoke dyskine-
sias. EEG was unremarkable.

Individual IV-1 (15 years of age). The first son of the index patient
showed laboratory features of hemolytic anemia immediately after
birth and needed a single blood transfusion on his second day of
life. Thereafter, his anemia remained stable with hemoglobin con-
centrations around 110 g/l. His motor development was overall
normal; he walked without supportat 15 months but showed some
clumsiness and mild ataxia and dystonia. His mental development
was mildly delayed. He attended a special school, and psychologi-
cal testing at 8 years revealed a learning handicap. With onsetat 16
months of age, he suffered from recurrent short epileptic seizures
with myoclonic jerks, nodding, sudden loss of muscle tone, eye
deviation, and disturbed consciousness. These seizures occurred
predominantly in the morning before breakfast and improved
after carbohydrate intake. In addition, he developed ongoing exer-
tion-induced dystonia of the legs at the age of 4 years.

Neurological examination at 7 years of age revealed mild gait
ataxia and a disturbance of fine motor skills. Neuropsychological
assessment showed an attention deficit and normal intelligence.
Body weight, height, and head circumference were normal. EEG
showed multiple generalized irregular spike-wave discharges, espe-
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cially in the morning and after fasting, accompanied by atonic and
myoclonic seizures and atypical absences. Seizures were stopped
and the EEG normalized after intravenous infusion of glucose.
Treatment with antiepileptic drugs, including clonazepam, sul-
tiam, clobazam, and lamotrigine was initiated in his second year
of life and reduced seizure frequency. A ketogenic diet was started
at 11 years of age; it has lead to complete seizure control and a
marked improvement of his performance in school.

Individual IV-2 (9 years of age). The second son of the index patient
is a half brother of IV-1. Marked neonatal icterus prompted blood
tests leading to the diagnosis of hemolytic anemia. A transfusion
was performed at 2 weeks of age, but further transfusions were not
necessary. He walked at 12 months, and spoke his first words at 12
months. Subsequently, clumsiness, mild coordination disturbances,
and mild delay in his mental development were apparent. However,
he attended regular kindergarten and school. With onset at 3 years
of age, he had irregularly recurrent seizures with lethargy, loss of
muscle tone, and erratic eye movements for a duration of about 10
to 15 minutes. EEG showed mild slowing of background activity and
bursts of focal and generalized irregular spike-waves with frontal
predominance. Continuous video-EEG monitoring revealed these
spike-waves occurred mainly in the early morning. Body weight and
height and head circumference were at the 75th, 50th, and 25th
percentile, respectively. Examination using the HAWIK-III revealed
verbal, performance, and full scale IQ of 82,75, and 77, respectively,
at 7 years of age. A ketogenic diet resulted in complete resolution of
seizures and improvement of his mental development.

Further clinical and laboratory studies. All 4 affected family members
presented with intermittent scleral icterus, splenomegaly, a macro-
cytic hemolytic anemia with reticulocytosis, decreased haptoglobin,
and increased bilirubin (Supplemental Table 1). For those individu-
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als for whom follow-up investigations were available (IV-1, IV-2),
there was a gradual increase of erythrocytic mean corpuscular vol-
ume with ageing. There was no evidence for a deficiency of eryth-
rocytic enzymes, a hemoglobinopathy, an autoimmune anemia, a
vitamin deficiency, or any other known cause of membrane defects
(Supplemental Table 1). Using the method of Storch and coworkers
(18), we found increased amounts of deformed red blood cells
(acanthocytes/echinocytes), ranging from 14.8% to 41.6% (normally
<6.3%) of all erythrocytes in wet blood smears of isotonically diluted
blood samples in affected family members (Figure 1, B-D). Electron
microscopy demonstrated that these cells were echinocytes (Figure
1C). In erythrocytes of all affected individuals, [Na*]; was increased
and [K']; decreased (Figure 1E). No evidence for a disturbance of
cellular energy metabolism was found (energy load, according to
ref. 19, was 0.92-0.93, normal range was 0.90-0.96; Supplemental
Table 1). A McLeod phenotype was absent. A bone marrow punc-
ture displayed elevated erythropoiesis in II-2.

Investigations of CSF revealed glucose levels at or below the
lower limit of the normal range. The glucose CSF/serum ratio
ranged from 0.39 to 0.55 and was mildly reduced compared with
controls (0.62-0.68), but it was not as low as in most patients with
GLUT1 deficiency syndrome (usually <0.40) (14). CSF lactate was
also mildly reduced (Supplemental Table 1).

History, neurological, and hematological examinations were
unremarkable for all other family members, including both par-
ents and the 5 siblings of the index patient’s mother, indicat-
ing a de novo mutation with a dominant trait in family PED1
(Figure 1, A and D).

Neuroimaging studies. Cranial MRI showed hypointense signals
in T2- and T2*-weighted images (T2 and T2* indicate standard
imaging sequences of the MRI; see Supplemental Methods) in the
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caudal putamen, which were more pronounced in II-2 as in III-2
(Supplemental Figure 1A). Such alterations are known as early
MRI signs from patients with multiple system atrophy (20) but
may occasionally be seen in healthy controls as well, in partic-
ular in older age groups. MRI scans of IV-1 and IV-2 were not-
mal. Interictal positron emission tomography using ['®F] fluo-
rodeoxy-glucose (FDG-PET) representing a measure of cerebral
glucose metabolism revealed a decreased signal in the left more
pronounced than in the right thalamus when compared with
17 age-matched controls using statistical parametric mapping
(SPM99) (Supplemental Figure 1B). The significance of this find-
ing could be confirmed when individuals II-2, III-2, and the index
case of family PEDS (see below) were compared as a group with 17
controls (Supplemental Figure 1C), as the only difference which
survived correction for multiple comparisons (P = 0.05) was found
in the left thalamus. All 3 right-handed patients suffer from PED
alone, without epilepsy or mental retardation. In addition, we
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Figure 2

Genetic investigations. (A) Genomic sequences of a normal control
(upper panel), the index patient (middle panel), and the cloned, mutant
allele from the index patient (lower panel), revealing a 12-bp deletion at
nucleotide 1,022 and loss of amino acids 282—-285 (QQLS). The black
line below the upper panel denotes the exact deleted region of the 12
bp. (B) Proposed structure of GLUT1 with 12 transmembrane seg-
ments (T1-12) and the location of Q282_S285del (red). A central pore
(hatched region in the extracellular view) may be formed by segments
marked in gray or red. (C) The deleted motif QQLS is highly conserved
among species and other glucose transporters.

found a less significant hypermetabolism in the putamen bilater-
ally (Supplemental Figure 1D).

Genetic investigations of family PED1

The combination of neuro-hematological symptoms and reduced
CSF glucose levels (a hallmark of GLUT1 deficiency syndrome)
(12-14) prompted us to sequence SLC2AI encoding GLUT1, the
glucose transporter of both erythrocytes and the blood-brain bar-
rier in a candidate gene approach. We identified an in frame 12-bp
deletion (c.1022_1033del) in exon 6 predicting the loss of the 4
amino acids QQLS (p.Q282_S285del) within the seventh trans-
membrane segment (T7). T7 is assumed to constitute a highly
conserved, central part of the pore-forming region involved in
glucose specificity of the transporter (Figure 2, A and B) (21, 22).
The deletion cosegregated with the disease status (Figure 1A) and
was excluded in 150 normal controls, in both parents of II-2 and
further nonaffected family members (see Figure 1A). The parental
status of I-1 was genetically proved, confirming a de novo muta-
tion in II-2. To this end, we tested 12 highly polymorphic microsat-
ellite markers from 12 different chromosomes (D1S518, D2S1777,
D4S1652, D451009, D8S1128, D10S677, D12S391, D14S608,
D16S539,D18S851, D20S604, D225689) using genomic DNA of
the probands I-1,1-2, II-2, and II-3. Clear paternity and maternity
of I-1 and I-2, respectively, for II-2 and II-3 was confirmed.

Functional studies of WT and mutant Q282_S285del

GLUT1 transporters

To prove its functional relevance, we introduced ¢.1022_1033del
into the cDNA of GLUT1 and expressed WT and mutant trans-
porters in Xenopus oocytes. Equal amounts of cRNA of either the
WT or mutant gene were injected and all experiments were con-
ducted in parallel to avoid any bias between WT and mutant trans-
porters (see Supplemental Methods). We first measured the uptake
of 3-O-methyl-D-glucose using a previously published protocol
(15). Glucose uptake was significantly reduced for Q282_5285del
compared with WT transporters (Figure 3A). When we determined
the glucose uptake rate in erythrocytes from patients in compari-
son with the one from normal controls, we found a significant
reduction for the patients (P < 0.05; Figure 3B). As expected, the
difference between patients and controls was less pronounced
than between mutant and WT transporters in oocytes, since the
patients carry 1 WT allele encoding normally functioning trans-
porters, which are expressed in their erythrocytes.

Since the ionic changes observed in erythrocytes could be
directly induced by the mutant transporter, we performed elec-
trophysiological experiments in oocytes. The resting membrane
potential was depolarized (Q282_S285del, -19 + 2 mV; WT,
-43 + 2 mV; H,0, -39 + 4 mV; n = 10; P < 0.0001), and the input
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Figure 3

Functional studies. (A) Reduced glucose uptake recorded in oocytes injected with mutant com-
pared with WT cRNA. Shown are representative results recorded from 3 x 10 oocytes for each
data point. *P < 0.05, **P < 0.01. (B) Glucose uptake as determined in 4 charges of erythrocytes
from 3 patients of family PED1 carrying the Q282_S285del mutation (l1I-2, IV-1, IV-2; the index
patient IlI-2 was measured twice and both of his sons once each) and in 10 charges from differ-
ent normal controls. Plotted is the logarithm In(1 — c/c.q), with c; being the assimilated radioactiv-
ity after time t and ceq the 1 in the equilibrium (after 25 min), versus time yielding a linear function.
The mean slope values of the linear fits in controls were —0.0280 + 0.0018 s~' and in patients
—0.0201 + 0.0006 s~' (P < 0.05). Error bars are smaller than symbol size for the patients. (C and
D) Using ion-selective electrodes, [Na*]; and [K*]i were recorded in oocytes, injected as indicated.
[Na*]; was increased and [K+]; decreased for mutant compared with WT transporters. n = 6 for
each group; P < 1 x 10-6 (mutant versus WT), P < 1 x 10~7 (mutant versus H,O) (C); n = 4-5,
P < 0.001 (mutant versus both WT and H,O) (D). P values were calculated based on the poten-
tial differences between the ion-selective electrode and the conventional electrode. Therefore,
error bars are not shown for the calculated ionic concentrations (see Supplemental Methods). (E)
86Rb+* flux experiments in oocytes show increased values for the mutation compared with the WT.
Shown are values from 3 x 8 oocytes for each condition. **P < 0.01. (F) Increased 8Rb+* flux was
also demonstrated in erythrocytes from 3 patients (Ill-2, IV-1, IV-2) compared with erythrocytes
from 11 normal controls. ***P < 0.001. Representative experiments from individual batches of
oocytes are shown (A and C-E). Individual values (C-F) and mean + SEM (error bars in A, B,
E, and F) are presented.
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H,O (Figure 3E). In erythrocytes from 3
of the 4 patients, 8°Rb* flux was about
6-fold increased compared with 11 normal
controls (Figure 3F). All these differences
occurred in the absence of glucose, sug-
gesting a permanent monovalent cation
leak of the mutant transporter, indepen-
dent of the glucose transport function.
This was confirmed by incubating eryth-
rocytes from patients and controls with 0
or 15 mM glucose for 2 hours, which did
not influence the changes in intracellular
electrolyte concentrations (see Supple-
mental Table 2).

To further characterize the leak con-
ductance induced by the mutation, we
performed additional electrophysiologi-
cal experiments with native erythrocytes
from 3 patients of family PED1 and 3
normal controls. In accordance with our
results in oocytes, the whole-cell conduc-
tance was significantly increased in the
patients’ erythrocytes (controls, 83 + 16
pS; n = 4; patients, 363 + 12 pS; n = 6 pS;
P <0.05; Figure 4, A-D). Very stable record-
ing conditions allowed multiple solution
exchanges, revealing a permeability of the
mutant transporter for K* > Na* > Ca?* >
N-methyl-D-glucamine® (NMDG"), as the
reversal potential was shifted increasingly
in the hyperpolarizing direction, and the
whole-cell inward currents decreased in
this order (Figure 4D). To confirm the
increased Ca?* permeability of the mutant
transporter, we determined the eryth-
rocyte free cytosolic Ca?* concentration
([Ca?"];) by flow cytometry using fluo3 as a
Ca?*-sensitive dye. Under steady-state con-
ditions, patients’ erythrocytes exhibited a
significantly higher fluo3 fluorescence
intensity than those of controls (7.6 + 0.5
vs. 6.0 £ 0.3 relative fluorescence units;
n=18-19; P < 0.02; Figure 4E), indicating
an increased [Ca?'];. Applying a Ca?* deple-
tion/repletion protocol (Figure 4, F and G)
revealed a significantly faster reincrease in

resistance was significantly decreased (Q282_S285del, 0.14 + 0.04
MQ; WT, 1.60 + 0.26 MQ; H,0, 1.93 + 0.31 MQ; n = 10; P < 0.0001)
for oocytes injected with mutant cRNA compared with those
injected with WT cRNA or water, as revealed by 2-microelectrode
voltage clamping. We used ion-selective electrodes (ISEs) to record
electrolytes in oocytes in the presence of ouabain and bumetanide,
which block cation transfer by other transporters (see Methods).
Oocytes injected with mutant cRNA had significantly increased
[Na*]; and decreased [K']; compared with those injected with WT
cRNA or H,O (Figure 3, C and D). Next, we performed 86Rb* flux
measurements in the presence of ouabain and bumetanide to con-
firm a potassium leak in a direct dynamic experiment. As expected,
86Rb* uptake was significantly increased for oocytes injected with
mutant cRNA compared with those injected with WT cRNA or
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fluo3 fluorescence intensity in patients’ erythrocytes, suggestive of
a higher Ca?* leak conferred by the mutant transporter.

Increased [Ca?*]; triggers suicidal erythrocyte death and we
hypothesized that erythrocyte suicide could underlie the anemia
seen in our patients (23). We therefore tested for death markers
such as erythrocyte shrinkage, breakdown of the phospholipid
asymmetry, activation of the protease calpain, and hemolysis in
blood from controls and patients incubated in vitro for 24 hours
at 37°C. Upon incubation in Ca?*-containing, but not in Ca?*-free,
medium erythrocytes from patients exhibited a lower cell size/
volume, indicating Ca?"-induced shrinkage (Supplemental Fig-
ure 2A). In addition, phospholipid asymmetry of the erythrocyte
membrane was broken down in a higher percentage of erythro-
cytes from patients than of control cells. Breakdown of the phos-
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Functional analysis of the cation leak in erythrocytes from patients of family PED1. (A and
B) Representative whole-cell current traces recorded from erythrocytes of a control (A) and a
patient (B) with Na-gluconate in the pipette and NaCl in the bath solution (left panel) and after
isoosmotic replacement of NaCl by N-methyl-D-glucamine—chloride (NMDG-CI) in the bath (right
panel). (C and D) Mean current-voltage (I-V) relationships (+ SEM) for control (C) (n = 3-4)
and patients’ erythrocytes (D) (n = 5-6) recorded as in A and B with NaCl bath solution (open
circles) and after isoosmotic replacement of NaCl by NMDG-CI (closed triangles), CaCl, (open
diamonds), or KCI (open triangles) in the bath. In patients’ erythrocytes (D), the reversal potential
of the |-V curve shifted by =30 + 4, =20 + 2, and +11 = 2 mV (mean + SEM; n = 5-6) from that
recorded in NaCl solution following substitution with NMDG-CI, CaCl,, and KCI, respectively. (E)
Histogram recorded by flow cytometry in erythrocytes from controls (black line) and patients (red
line) incubated in Ca2+-containing NaCl solution, depicting the fluo3 fluorescence intensity as
a measure of the steady-state intracellular ([Ca2*];). (F and G) Histograms (F) and time course
(G) of changes in fluo3 fluorescence intensity of control (black line in F; open circles in G) and
patients’ erythrocytes (red line in F; close triangles in G) following Ca2* depletion by incubation
for 30 minutes in Ca2+-free NaCl solution (F, left panel, and G, 0-minute values) and Ca2* reple-
tion (F, middle panel, and G). As a positive control experiment, the histogram in (F, right panel)
shows the fluo3 fluorescence of Ca2+-permeabilized erythrocytes from controls (black line) and
patients (red line) indicating equal fluo3 dye loading of both cell populations under these condi-
tions (mean values + SEM, 49 + 8 and 55 + 8 relative fluorescence units in erythrocytes from
controls and patients, respectively; n = 4). The data in G are averaged geometrical means
(+ SEM; n = 14—-16) of the fluorescence distribution. Lines represent exponential fits yielding
the time constant of [Ca2+]; repletion (controls, T = 16.3 + 3.4 min; patients, T = 7.1 + 1.6 min;
n =14-16, P < 0.05; 2-tailed Welch-corrected t test).

pholipid asymmetry was assessed in flow cytometry by annexin V
binding to phosphatidylserine exposed at the outer membrane
face (Supplemental Figure 2, B and C). Moreover, patients’ eryth-
rocytes, but not those of controls, activated the Ca?*-dependent
endopeptidase calpain as indicated in immunoblot by cleav-
age of the inactive p80 proenzyme into its active forms p78 and
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p76 (Supplemental Figure 2D). Finally,
a higher percentage of erythrocytes from
patients hemolyzed as compared with
those of controls (Supplemental Figure
2E). Taken together, the data clearly indi-
cate that erythrocytes from patients of
family PED1 are more prone to undergo
suicidal death than those from controls.

On a molecular basis, the cation leak
could be explained by the structural
importance of the highly conserved QQLS
motif, that may form a bottle neck within
the transporter’s pore (22), which is delet-
ed in mutant Q282_S285del transporters
(see Discussion).

Further clinical, genetic, and functional
investigations in other families with PED
As the hyperkinesias in PED occur exclu-
sively after prolonged periods of exercise,
i.e.,under conditions of an increased energy
demand, it is pathophysiologically rea-
sonable that a reduced glucose transport
across the blood-brain barrier can cause
such symptoms. To investigate whether
this could be a general principle for PED,
we sequenced the SLC2A1 gene encoding
GLUT1 in 4 additional families with PED
(named PED2-5). The clinical features of
3 of these families, with 6 or 4 members
affected by PED in 3 generations, each
have been previously published.

In family PED2 (ref. 24; Figure SA), typi-
cal childhood onset PED is combined with
epilepsy with absences or complex partial
seizures, mild learning disabilities, and an
irritable behavior with increased impulsiv-
ity in 6 affected members.

In family PED3, childhood onset PED
is combined with epilepsy (absences, com-
plex partial or generalized tonic-tonic
seizures) and mild developmental delay.
Hyperactivity and migraine with visual
auras was noticed in 1 of the 4 affected
individuals (25).

In family PED4, juvenile onset PED
was originally described to be combined
with minor permanent dystonia, postural
tremor and chorea (barely noticed by the
patients themselves), and migraine with-
out aura (26). Recent reexamination of
this family revealed 2 important differenc-
es with regard to the original description:
(a) individual III-8 in the meantime has

developed attacks of dystonia precipitated by exercise and (b) indi-
vidual ITI-14 presents with a phenotype that is entirely different
from other family members. She has a persistent, fixed abnormal
posture affecting the right foot, associated with some discomfort
in the right foot and leg. General neurological examination is nor-
mal apart from the presence of some “give-way” weakness of the
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used as a loading control. (C) Immunocytochemical analysis of injected oocytes using an anti-GLUT1 antibody revealed similar stainings of the
surface membranes for all 4 clones, suggesting a normal trafficking of the mutant proteins to the surface membrane. Scale bars: 100 um.

arms and legs. She has no paroxysmal symptoms, and her symp-
toms are not worsened by exertion. Her symptoms are very much in
keeping with the syndrome of “fixed dystonia” (27). Many patients
with fixed dystonia are felt to have a psychogenic origin for their
symptoms, and indeed, psychogenic dystonia has previously been
reported in family members of patients with organic genetic dys-
tonia (28). Given these differences to the original description, we
here present a modified pedigree with PED as the only unequivo-
cal and consistent phenotype in this family (Figure 5B).

Family PEDS, with 4 affected individuals in 2 generations, has
not been described before. The index case and her sister have typi-
cal childhood-onset PED alone, affecting mainly the legs after
15-120 minutes of walking. Both the daughter and the nephew
of the index case (son of the sister affected by PED) mainly have a
moderate developmental delay. In addition, the daughter has some
minor ataxia and the nephew has epilepsy with complex partial
seizures. Neither of these individuals have experienced attacks
reminiscent of PED.

Laboratory investigations did not reveal signs of hemolytic ane-
mia in the other families (i.e., normal values for hemoglobin (Hb),
mean corpuscular volume, haptoglobin, bilirubin, reticulocytes,
and all other tested hematologic and standard serum parameters),
with the exception of a consistent mild normocytic and normo-
chrome anemia (Hb between 11 and 12 g/dl, normal values for
haptoglobin, reticulocyte count, bilirubin, transferrin, ferritin, and
Fe) in all 4 affected members of family PED3, and an Hb of 11.5
g/dlin individual IV-5 of PED2 (other values were normal, Hb was
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normal in other affected family members). There was no increase
in the percentage of echinocytes in families PED3 and PEDS, as
examined by the method of Storch et al. (18), and intraerythrocytic
electrolytes were normal in 3 affected members of family PED3,
I-15 of PED4, and all affected members of PEDS. The CSF/serum
glucose ratios were obtained from 3 affected members of family
PED3 (0.35, 0.45, and 0.49), I1I-15 of PED4 (0.54), and the index
case of PEDS (0.50).

Direct sequencing of SLC2AI revealed 2 different point mutations
in families PED2 and PED4, which were found in all individuals
affected by PED. In family PED2, we detected a c.G1119A muta-
tion, predicting substitution of serine for glycine at position 314
(p-G314S), located in the eighth transmembrane segment (Figure
S, C and E). The mutation was also detected in a nonaffected indi-
vidual and must have been transmitted by her deceased mother,
who was also reported to be unaffected, indicating most probably
2 cases of nonpenetrance. One affected individual (III-12) did not
agree to participate in the study. In family PED4, a c. G1002A muta-
tion was identified, predicting substitution of threonine for alanine
at position 275 (p.A275T) at the cytoplasmic end of transmembrane
segment 7 (Figure 5, D and E). This mutation perfectly cosegre-
gates with the PED phenotype. G314 is highly and A275 less well
conserved in GLUT1 from other species and other human glucose
transporters (Figure 5, C and D). Both mutations were not detected
in 150 normal controls. No mutations in SLC2A1 could be detected
in families PED3 and PEDS by sequencing the entire coding region
and adjacent splice sites. Multiplex ligation-dependent probe ampli-
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fication (MLPA) analysis, performed for all exons of SLC2A1, also
excluded an abnormal copy number variation in these 2 families.
To demonstrate that these 2 mutations lead to a decreased
glucose transport as well, we introduced them into the cDNA of
SLC2A1 and measured glucose uptake in Xenopus oocytes. The
uptake was largely reduced for both mutations compared with the
WT, confirming their pathophysiological significance (Figure SF).
86Rb* uptake was normal for both mutations (G314S, 0.35 + 0.01
pmol/oocyte; A275T, 0.22 + 0.06 pmol/oocyte; WT, 0.28 + 0.06
pmol/oocyte; H,0, 0.16 + 0.01 pmol/oocyte), suggesting that these
2 mutations may not induce an increased permeability of GLUT1
to cations as was observed for the Q282_S285del mutation.
Kinetics, protein stability, and trafficking of mutant and WT GLUT1
transporters. A decreased glucose transport rate, as determined for
all 3 GLUT1 mutants, could be due to several different defects on
the protein level, such as a decrease in (a) the transport rate of the
mutated transporter itself; (b) affinity of the transporter to glucose;
(c) protein stability; or (d) protein trafficking to the surface mem-
brane. To differentiate among these different mechanisms, we per-
formed additional data evaluation and experiments. A kinetic anal-
ysis of the uptake measurements in oocytes shown in Figure 3A and
Figure SF revealed that all mutations markedly decreased the V.
without affecting the K, (Figure 6A). Western blots suggested an
equal production and stability of the mutants compared with the
WT protein (Figure 6B), and immunocytochemistry indicated that
all 3 mutants were properly inserted in the cell-surface membrane
(Figure 6C). We therefore conclude, that the mutant transporters
have lost their intrinsic ability to transport glucose across the cell
membrane without affecting K,,,, protein stability or trafficking.

Discussion

Our genetic and pathophysiological investigations establish
SLC2A1 as the first gene to our knowledge for PED and strongly
support the hypothesis that an energy deficit upon exertion caused
by a reduced glucose transport rate is a major cause of this paroxys-
mal movement disorder. GLUT1 is the primary molecule to medi-
ate glucose transport (a) into erythrocytes, (b) across the endothe-
lium of the blood-brain barrier, and (c) into and out of astrocytes
(29). The latter 2 sites of transport might both contribute to the
observed neurological symptoms, since they are both involved
in the delivery of glucose to nerve cells. It is conceivable that the
energy demand increases under conditions of prolonged exercise
and exceeds the energy supply, which is reduced in PED patients
with GLUT1 mutations, as shown by our uptake experiments and
by previous functional studies of the mutated sites (30, 31). This
hypothesis is supported by the therapeutic success of both intra-
venously administered glucose during exercise and a permanent
ketogenic diet, which changes the main energy source of the brain
from glucose to ketone bodies, as observed in the index patient
of family PED1 and his older son. The absence of GLUT1 muta-
tions in 2 families with a similar clinical phenotype suggests the
involvement of other genes in the pathogenesis of PED, although
we did not exclude mutations in the promoter or other untrans-
lated regions of SLC2A1 in this study, which theoretically, might
be the cause of the disease in these families.

Since the basal ganglia are particularly sensitive to hypoxia and
energy deficits and are key players in the generation of dyskinesias
(32, 33), the clinically relevant energy deficit in PED patients might
be localized in the basal ganglia. This hypothesis is supported by

the mild permanent abnormalities in the basal ganglia or the thala-
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mus, as a putative projection area, which were detected in MRI and
FDG-PET (Supplemental Figure 1). The pronounced hypometabo-
lism in the left versus the right thalamus could be explained by the
right handedness of all 3 PED patients investigated with FDG-PET.
The clinical observation that PEDs very specifically occur within
the exercised limbs furthermore suggests that the energy deficit
only occurs in a relatively small number of neurons, which are cru-
cial for the coordination of the activated muscle groups.

The normal hematological parameters in families PED2 and
PED4, combined with the fact that the 2 mutations identified in
these families did not reveal an increased cation permeability of
GLUT1, indicate that the cation leak is not a necessary condition
to produce symptoms of PED. Patients with other GLUT1 defects
are characterized by severe developmental delay, epilepsy, ataxia,
and spasticity (GLUT1 deficiency syndrome), reminiscent of the
milder phenotype of individual IV-1 in family PED1, but PDs or
hematological symptoms have not yet been reported as part of
this syndrome (14). Also, PDs have not been described in other
disorders presenting with various neurological symptoms and
deformed erythrocytes (the so-called neuroacanthocytoses) (34).
Using the same methods in 5 patients from 3 families with GLUT1
deficiency syndrome and different SLC2A1 mutations, we observed
normal erythrocyte morphology and intracellular electrolytes.

The cation leak is thus unique for the mutation Q282_S285del
identified in family PED1, in which all affected family members
suffered from a consistent hemolytic anemia with echinocytosis.
Furthermore, our analysis revealed a normal energy metabolism of
erythrocytes from patients of family PED1, supporting the hypoth-
esis that the defective glucose transport is not responsible for the
anemia and altered erythrocyte morphology. Instead, our detailed
experiments in oocytes and erythrocytes revealed a definite increase
in K*, Na*, and Ca?* permeability, which can explain the altered
erythrocyte lifetime. Erythrocytes with an increased cation leak are
prone to swell and eventually hemolyze osmotically. We hypothesize
that the Ca?*-triggered suicidal death — as observed in erythrocytes
from patients of family PED1 — delays the hemolysis by transiently
shrinking the cells, leading to echinocyte formation. In addition,
suicidal death-associated phosphatidylserine exposure acts as an
“eat-me” signal and promotes the recognition and engulfment of the
dying erythrocytes by macrophages, thus clearing the cell prior to its
disastrous hemolysis (23). In the present work, pronounced suicidal
death of the patient erythrocytes resulted in their increased hemo-
lysis (see Supplemental Figure 2E) due to the absence of phagocytes
in vitro. Hemolysis may also occur in vivo, if erythrocyte death rates
exceed the clearance capacity of the phagocytic system.

Genetic defects of the anion exchanger of the erythrocyte mem-
brane (AE1, band 3 protein) cause familial hemolytic anemia with
stomatocytosis by inducing a pathological cation leak of AE1 (35,
36). Also in analogy to this well defined syndrome, our findings
suggest that the observed cation leak of GLUT1 is responsible for
the hematological abnormalities found in family PED1. Our results
hence constitute the second genetic defect in which idiopathic
hemolytic anemia with an altered morphology of red blood cells
is associated with a cation leak of their membrane and provide a
further proof of principle for the link between those 2 conditions.

On a molecular level, the cation leak of the mutated GLUT1 mol-
ecule can be explained by the specific location of the 4-amino acid
deletion. The Q282_S285del mutation is the first one reported
to our knowledge in transmembrane segment 7, which probably
plays a crucial role in the transporter’s pore (21, 22). Moreover,
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the deleted amino acids QQLS are hypothesized to form a bottle
neck within the pore of GLUT1 (22). Molecular modelling using
the published coordinates of a GLUT1 model (22) suggest a wid-
ening of the pore region (central channel) by the Q282_S285del
deletion, which can explain the observed permanent cation leak
(Supplemental Figure 3).

Methods

Patients. All patients and their unaffected relatives (or their legal repre-
sentatives) gave written informed consent to participate in the study. All
affected and most of the unaffected members of the families PED1-5
were personally interviewed and examined by experienced neurologists
or pediatricians; for some of the unaffected individuals, histories were
reported to be unremarkable by first degree relatives. Individuals with a
normal neurological and hematological history, neurological examination,
analysis of erythrocyte morphology as far as it was available (see below)
were considered as unaffected. All procedures were in accordance with the
Helsinki Convention and were approved by the Ethical Committees of the
University of Ulm, the University of Tiibingen, the University of Bari, the
National Hospital for Neurology and Neurosurgery, and the Institute of
Neurology Joint Research. The clinical features of families PED2-4 have
been described previously (24-26).

Analysis of erythrocyte morphology. All procedures were performed as
described previously (18). Fresh blood samples (5 ml) were immediately
mixed with the same amount of isotonic NaCl solution containing 10
units of heparin per ml. After 1-2 hours, 1 drop of the mixture was mount-
ed between an object slide and a glass cover slip and examined by phase-
contrast light microscopy with x1,000 magnification (oil immersion). Five
hundred erythrocytes were counted, and the proportion of deformed cells
was calculated. All red blood cells with spicules corresponding to type Al/
Al acanthocytes and echinocytes in Redman’s classification (37-39) were
considered to be deformed (18) and classified as echinocytes as revealed
by scanning electron microscopy (39). The amounts of echinocytes are
expressed as percent of total erythrocytes. Using this method, the normal
range of echinocytes is less than 6.3% of all erythrocytes (99th percentile
of 132 healthy and disease controls), with a specificity of 0.98 and a sensi-
tivity for detecting echinocytosis/acanthocytosis in genetically confirmed
choreo-acanthocytosis of 1.0 (18). This morphological analysis was per-
formed in families PED1, PED3, and PEDS. Fresh blood samples were not
available for families PED2 and PED4.

For scanning electron microscopy, the samples were prepared in the
same way as described above for light microscopy and then were fixed by
adding 2.5% glutaraldehyde. Dehydration was performed using graded
alcohols and a critical point dryer (Bal-Tec). The samples were shadowed
by platinum (Bal-Tec) and examined in a scanning electron microscope
(DSM 962; Carl-Zeiss) at 10 kV.

Determination of intracellular ionic concentrations in erythrocytes. EDTA blood
samples from patients and normal controls were drawn on the same day
and shipped to our laboratory overnight. Several milliliters of blood were
centrifuged for 10 minutes at 2,000 g. Erythrocytes were washed 3 times
with 10 ml of choline chloride (150 mM), centrifuged after each washing
step, and the supernatant was discarded. Washed erythrocytes were lysed
by 3 alternate steps of freezing in liquid nitrogen and defrosting in a water
bath at 80°C, followed by centrifugation for 1 hour at 3,500 g. The super-
natant was transferred in 1.5-ml Eppendorfvials and centrifuged again for
1 hour at 5,000 g. Aliquots of the supernatant were analyzed with a Dimen-
sion RxL chemistry analyzer (Dade Behring) using the urine program to
determine [Na*];and [K*]; in erythrocytes.

To evaluate the effect of external glucose on [Na']; and [K*];, the serum
was removed and exchanged against an Ca-free electrolyte solution con-
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taining 0 or 15 mM glucose (138 mM NaCl, 2 mM CaCl,, 5.4 mM KCl,
1 mM MgCl,, and 10 mM HEPES, pH 7.4). After 2 hours on a shaker, we
proceeded with washing steps as described above.

Genetic analysis, mutagenesis and RNA preparation, oocyte prepa-
ration and injection, uptake experiments in erythrocytes and oocytes
using radioactively labelled glucose and 8°Rb*, western blots, and
immunocytochemistry were performed by using standard procedures,
which are described in Supplemental Methods.

Determination of [Na'[; and [K*[; in oocytes. Oocytes injected with equal
amounts of cRNA for WT or mutant GLUT1 transporters, or with water as
a control, were kept overnight in modified Barth’s solution. Specific block-
ers of the Na*/K* ATPase and the Na*/K*/2Cl" cotransporter, 0.5 mM oua-
bain and 5 uM bumetanide, respectively, were added on the following day.
Recordings were performed in parallel for mutant and WT transporters as
well as for water-injected oocytes on day 3 after injection. [Na‘]; and [K*];
were determined using 1 ion-selective and 1 conventional microelectrode,
which were pulled from borosilicate glass capillaries (150TF-10; Science
Products) using a DMZ-Universal Puller (Zeitz). Conventional electrodes
were filled with 3 M KCl and had a final resistance of less than 1 MQ. ISEs
had tip openings of about 1 um and were prepared by drying for at least 15
minutes at 200°C and subsequent silanizing with 20 pl N-(Trimethylsilyl)
dimethylamine (TMSDMA,; Fluka 41720) in a glass bottle (250 ml) at the
same temperature. They were filled with either Na* Ionophore I - Cocktail A
(Fluka 71176) or K* Ionophore I - Cocktail B (Fluka 60398). After removing
air bubbles, 100 mM NaCl (Na-ISE) or 10 mM KCI (K-ISE) was added. ISEs
were calibrated using solutions with different NaCl and KCl concentra-
tions, with the sum of both ion concentrations being constant at 150 mM.
Calibration curves were generated by fitting the obtained data points with a
Nikolsky-Eisenmann function (further details see Supplemental Methods).
Recordings from 1 batch of oocytes injected with WT, mutant cRNAs, or
water were done in parallel, i.e., for each recording, oocytes were taken in a
randomized manner from those 3 groups. Initial recordings were done in a
blinded fashion, but after recording from the first 3 oocytes, it was already
obvious which group contained the oocytes injected with mutant cRNA due
to the large differences. For statistical analysis, P values were not calculated
for the different ion concentrations but for the differences between the
potentials of both electrodes (ISE and conventional electrode) for mutant
versus WT and mutant versus H,O, since the potential differences are nor-
mally distributed while the calculated ion concentrations are not due to the
nonlinear transformation, according to the Nikolsky-Eisenmann equation
(see Supplemental Methods). Data were analyzed using Microsoft Excel
(Microsoft) and Origin (Microcal Software) software.

Patch-clamp recordings and determination of [Ca®*[; in erythrocytes. Standard
whole-cell patch clamping was performed at room temperature using
borosilicate glass pipettes (10-12 MQ pipette resistance, GC150 TF-10;
Harvard Apparatus). Currents were sampled at 10 kHz and low-pass fil-
tered at 3 kHz using an EPC-9 amplifier, Pulse software (HEKA), and an
ITC-16 Interface (Instrutech). Liquid junction potentials were estimated
and corrected according to Barry and Lynch (40). A relative mobility of
1.0388, 0.3000, 0.2000, 0.2400, 1.0000, 0.6820, 0.3300, 0.4880, and 0.3610
was assumed for Cl-, HEPES-, ATP, EGTA, K*, Na*, NMDG*, Ca?*, and
Mg?*, respectively. Whole-cell currents were evoked by voltage steps from
a-30 mV holding potential to voltages between -100 mV and +80 mV and
digitally low-pass filtered at 2 kHz. Current values were analyzed by averag-
ing the whole-cell currents between 100 and 600 ms of each square pulse.
The bathing solution contained 125 mM NaCl, 32 mM HEPES, 5 mM KCl,
5 mM D-glucose, 1 mM MgSO,, and 1 mM CaCl, titrated with NaOH to
pH 7.4. The pipette solution contained 115 mM Na-D-gluconate, 10 mM
HEPES, 5 mM MgCl,, 1 mM Na-ATP, and 1 mM EGTA titrated with NaOH
to pH 7.4. The NaCl-based bathing solution was replaced during continu-
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ous whole-cell recording by a NMDG-ClI solution (180 mM NMDG, 10
mM HEPES, 1 mM MgCl,, and 1 mM CaCl, titrated with HCl to pH 7.4), a
CaCl; solution (100 mM CaCl,, 10 mM HEPES, and 1 mM MgCl, titrated
with CaOH to pH 7.4), or a KClI solution (150 mM KCI, 10 mM HEPES,
1 mM CaCl,, and 1 mM MgCl, titrated with KOH to pH 7.4).

To determine [Ca?']; in the steady state, erythrocytes were washed and
loaded for 20 minutes at 37°C with the Ca?*-sensitive dye, fluo3 AM
(4 uM final concentration; Calbiochem), washed again twice, and finally
suspended in CaCl,-containing NaCl solution (see patch-clamp experi-
ments). For the Ca?* depletion/repletion protocol, cells were washed,
loaded with 4 uM fluo3 AM (20 minutes at 37°C), and washed again in
Ca?*-free NaCl solution (125 mM NaCl, 32 mM HEPES, S mM KCI, 5 mM
D-glucose, and 1 mM MgSOy titrated with NaOH to pH 7.4). One aliquot
of the cells was resuspended in Ca?*-free NaCl solution (to determine the 0
minute value of the Ca?* reuptake), another in Ca?* containing NaCl-solu-
tion. Steady-state [Ca?*]; and time-dependent reincrease of [Ca?*]; during
Ca?* repletion was assessed by flow cytometry (FACSCalibur; Becton Dick-
inson). The fluo3 fluorescence intensity was determined in fluorescence
channel FL-1 with an excitation wavelength of 488 nm and an emission
wavelength of 530 nm. To control for equal dye loading, fluo3 fluores-
cence was determined following Ca?* permeabilization (1 uM ionomycin
in Ca?*-containing NaCl solution). During Ca?* repletion, the increase in
the geometrical mean of the fluorescence intensity was fit exponentially
(9 = Ymax = (Ymax — yo)e*/9; with ¢ being the time of repletion, T the time con-
stant, y the fluorescence intensity at time 0 minutes, and Y. the maxi-
mal fluorescence intensity after Ca?* reuptake).

Further experiments with erythrocytes (breakdown of the phospho-
lipid asymmetry and cell volume, calpain activation, and hemolysis) are
described in Supplemental Methods.

Statistics. Two-tailed, unpaired Student’s ¢ tests were used for statistical
analysis, if not indicated otherwise, with Pvalues as indicated in the text or
figure legends. Data are shown as mean + SEM or as individual values.

The procedures for brain imaging (MRI and FDG-PET) and molecular
modelling are described in Supplemental Methods.
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