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ABSTRACT – Lafora disease (LD) is an autosomal recessive progres-
sive myoclonus epilepsy due to mutations in the EPM2A (laforin) and
EPM2B (malin) genes, with no substantial genotype-phenotype differences
between the two. Founder effects and recurrent mutations are common,
and mostly isolated to specific ethnic groups and/or geographical locations.
Pathologically, LD is characterized by distinctive polyglucosans, which are
formations of abnormal glycogen. Polyglucosans, or Lafora bodies (LB) are
typically found in the brain, periportal hepatocytes of the liver, skeletal and
cardiac myocytes, and in the eccrine duct and apocrine myoepithelial cells
of sweat glands. Mouse models of the disease and other naturally occur-
ring animal models have similar pathology and phenotype. Hypotheses of
LB formation remain controversial, with compelling evidence and caveats
for each hypothesis. However, it is clear that the laforin and malin functions
regulating glycogen structure are key.
With the exception of a few missense mutations LD is clinically homo-
geneous, with onset in adolescence. Symptoms begin with seizures, and
neurological decline follows soon after. The disease course is progres-
sive and fatal, with death occurring within 10 years of onset. Antiepileptic
drugs are mostly non-effective, with none having a major influence on the
progression of cognitive and behavioral symptoms. Diagnosis and genetic
counseling are important aspects of LD, and social support is essential in
disease management.
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Lafora disease (LD, OMIM# 254780)
is an autosomal recessive progres-
sive myoclonus epilepsy (PME)
(Minassian et al., 2016), first
described in 1911. It is particularly

frequent in Mediterranean coun-
tries (Spain, Italy, France), Northern
Africa, the Middle East, and in some
regions of Southern India where a
high rate of consanguinity is present
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Minassian, 2001; Striano et al., 2008). It can, neverthe-
ess, be found in any population (Traoré et al., 2009),
nd particularly, as expected, with consanguinity.
D classically starts in adolescence in otherwise neu-
ologically normal individuals, usually with action and
timulus-sensitive myoclonus, as well as tonic-clonic,
bsence, atonic, and visual seizures. Neuropsychiatric
ymptoms, such as behavioural changes, depression
nd apathy, are also often present. Initial symptoms
re followed by rapidly progressing dementia, refrac-
ory status epilepticus, psychosis, cerebellar ataxia,
ysarthria, mutism, and respiratory failure which lead

o death within about a decade (Minassian, 2001;
triano et al., 2008). LD is caused by mutations in
he EPM2A or EPM2B (NHLRC1) genes, encoding the
aforin dual specificity phosphatase and the malin
biquitin E3 ligase, respectively, both involved in a
omplex and yet very incompletely understood path-
ay regulating glycogen metabolism (Minassian et al.,

998; Chan et al., 2003a, 2003b). To date, an additional
ene, PRDM8, the mutation of which causes a variant
f early childhood-onset phenotype in a single family,
as been reported (Turnbull et al., 2012).
distinctive pathology characterizes LD. Cells of var-

ous types exhibit dense accumulations of malformed
nd insoluble glycogen molecules, known as polyglu-
osans, which differ from normal glycogen due to the
act that they lack the symmetric branching that allows
lycogen to be soluble. These polyglucosan accumula-
ions are called Lafora bodies (LBs) and are profuse in
ll brain regions and in the majority of neurons, specifi-
ally in their cell bodies and dendrites (Minassian, 2001;
triano et al., 2008). Neuronal LBs localize in perikarya
nd dendrites but not in axons, possibly explaining the
ortical hyperexcitability seen in LD. The neuropathol-
gy of LD patients and LD animal models is described

n greater detail below.

linical features and diagnosis

he first symptoms of LD appear during late childhood
r adolescence (range: 8-19 years; peak: 14-16 years).
haracteristically, focal visual seizures are early mani-

estations and present as transient blindness, or simple
r complex visual hallucinations. However, general-

zed seizure types, e.g. tonic-clonic, absence, or drop
ttacks, as well as myoclonus, occur soon after. The lat-
er typically occurs at rest and increases with emotion,
pileptic Disord, Vol. 18, Supplement 2, September 2016

ction, or photic stimulation. In many cases, the dis-
ase shows an insidious near-simultaneous, or closely
onsecutive, appearance of headaches, difficulties at
chool, myoclonic jerks, generalized seizures, and
isual hallucinations (Minassian, 2001; Franceschetti et
l., 2006; Striano et al., 2008). It is notable that not all
isual hallucinations are epileptic in Lafora patients,
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Lafora disease

s some respond initially to antipsychotic, rather than
ntiepileptic, medications (Andrade et al., 2005).
EG abnormalities often precede clinical symptoms
nd initially consist of almost normal or slowed back-
round (figure 1A) and generalized or focal paroxysmal
ctivity (figure 1B), typically not accentuated by sleep.
n particular, the occipital discharges on EEG, arising
rom a slowed posterior dominant rhythm are, in the
roper clinical context, highly suggestive of the dis-
ase. Within a few years, a slowing of background
ctivity becomes evident with frequent, superimposed
ursts of diffuse epileptic discharges (figure 1C). In
ddition, positive or negative myoclonus (figure 1D)
nd marked photosensitivity (figure 1E) are prominent
eatures.
rain MRI is usually unremarkable at onset. In two
eported cases (Jennesson et al., 2010), [18]fluo-
odeoxyglucose positron emission tomography (FDG-
ET) revealed posterior hypometabolism early during
he evolution of the disease. Electrophysiological
nvestigations (to examine jerk-locked averaging,
omatosensory evoked potentials, C-reflex, and visual
voked potentials) can reveal aberrant integration of
omatosensory stimuli and cortical hyperexcitability
i.e. giant evoked potentials). Visual evoked potentials

ay show increased latencies or absence of response.
ther findings obtained by transcranial magnetic

timulation indicate a complex circuitry dysfunction,
ossibly involving both excitatory and inhibitory sys-

ems (Canafoglia et al., 2010). A skin biopsy shows
he presence of the characteristic periodic acid-Schiff
PAS)-positive glycogen-like intracellular inclusion
odies in the myoepithelial cells of the secretory acini
f the apocrine sweat glands and in the eccrine and
pocrine sweat duct cells (Andrade et al., 2003; Lohi et
l., 2007). Electron microscopy confirms the presence
f fibrillary accumulations, typical of polyglucosans.
his diagnostic approach offers limited invasiveness
nd high sensitivity. Interpretation of the biopsy, how-
ver, requires expertise in distinguishing LB from
ormal polysaccharide contents of apocrine sweat
lands, without which false-positive diagnosis is com-
on. Genetic testing is crucial to confirm the diagnosis

s it reveals mutations in the EPM2A or EPM2B gene
n more than 95 per cent of patients (Minassian, 2001;

anesh et al., 2006; Striano et al., 2008).
n the years following onset, symptoms of LD progress
owards intractable action-sensitive and stimulus-
ensitive myoclonus, refractory seizures, psychosis,
taxia, and dysarthria. As the disease progresses, the
S39

yoclonus remains asymmetric and segmental but
ecomes almost constant, and massive myoclonic

erks appear. At this stage, brain MRI may reveal
ild cerebellar or cortical atrophy. Moreover, brain

H MR spectroscopy shows metabolic changes of
he cerebellum, basal ganglia, and frontal cerebral
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Figure 1. Progression of electroencephalographic (EEG) changes in a patient with Lafora disease. (A) At the time of disease onset (age
1 year
s slow
c ps. D
b majo
b et a

c
2
w
b
i
m
r
s
fi
u
d

D

A
r
a
t
g
t
s
p
c
d
m
a
S
i
b

v
a
o
i
t
E
d
y
m
e
c
s
c
d
a
N
c
m
t
a
l
s
n

7 years), normal to slightly slowed background activity. (B) Two
pikes and polyspikes, maximum over the anterior regions on a
ycles per second) spike-waves was concomitant with head dro
ursts of diffuse spike-waves and fast polyspikes associated with
y photic stimulation at low frequency (E). Modified from Striano

ortex (Villanueva et al., 2006; Pichiecchio et al.,
008). Subsequently, a rapidly progressive dementia
ith apraxia and visual loss soon appears. Speech
ecomes extremely difficult, and ataxia makes walking

mpossible. For many years, the patient struggles to
aintain normal contact, with communication inter-

upted by extremely frequent myoclonic absence
eizures (Minassian, 2001; Striano et al., 2008). Patients
nally become totally disabled and bed-bound. Death
sually occurs within 10 years from the onset, often
uring status epilepticus with aspiration pneumonia.

ifferential diagnosis

t onset, LD may present with a clinical picture
esembling an idiopathic generalized epilepsy, such
s juvenile myoclonic epilepsy (Janz syndrome). In
he early stages, drug resistance and a slow back-
round with early disrupted sleep patterns should lead
o a suspicion of LD. In some patients, the diagno-
is is reached only after substantial follow-up of the
atient. However, the main differential diagnosis con-
40

erns four other forms of PME: Unverricht-Lundborg
isease (EPM1), the neuronal ceroid lipofuscinoses,
yoclonic epilepsy with ragged red fibers (MERRF),

nd sialidosis (Berkovic et al., 1986; Minassian, 2001;
triano et al., 2008) (table 1). PMEs are a group of

nherited neurodegenerative disorders characterized
y progressively worsening myoclonus and epilepsy,

g
o
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s later (age 19 years) EEG demonstrates asymmetric generalized
ed background. (C) At age 20 years, the occurrence of fast (4-6
uring the final stages of the disease, EEG recordings show long
r volleys or massive myoclonic jerks (D), dramatically enhanced
l., 2008.

ariable neurological dysfunction (ataxia, dementia),
nd possible associated signs and symptoms. LD is one
f the main teenage-onset PMEs. Age at onset, present-

ng symptoms, occurrence of occipital seizures, and
he progressive and rapid course, together with the
EG features, are suggestive of LD, but the diagnosis is
efinitively confirmed by skin biopsy or genetic anal-
sis. Unverricht-Lundborg disease (EPM1), caused by
utations of the cystatin B gene, is the closest differ-

ntial. The age at onset is similar to that of LD. However,
haracteristically, action myoclonus and tonic-clonic
eizures are more easily controlled. There is no spe-
ific pathology. Finally, cognitive impairment is not a
istinctive symptom of Unverricht-Lundborg disease
nd is usually mild (Minassian, 2001; Striano et al., 2008).
euronal ceroid lipofuscinoses are heterogeneous

onditions characterized by ceroid-lipofuscin lysoso-
al storage occurring in different organs, including

he central nervous system and skin (Nascimento et
l., 2016). All NCLs exhibit ceroid lipofuscin accumu-
ation, apart from LB, in various organs, including the
kin. Most NCLs present in early childhood. A juve-
ile form of NCL (Batten’s disease, involving the CLN3
Epileptic Disord, Vol. 18, Supplement 2, September 2016

ene) may have onset late enough to overlap with that
f LD, but this form has a prolonged initial period
f visual loss, resulting from retinal degeneration and
ild seizures, which LD patients typically do not have.

ome cases of the infantile form (Santavuori-Haltia dis-
ase, involving the CLN1 gene) present late as a result
f particular mutations, and there is a very rare form of
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Table 1. Distinguishing features of some of the more common inherited progressive myoclonus epilepsies.

Progressive
myoclonic epilepsy

Inheritance Onset
(years)

Suggestive clinical signs Pathologic features Gene(s)

Unverricht-Lundborg
disease (EPM1)

AR 6-15 Slow progression; mild
and late cerebellar
impairment; late or
absent dementia

None CSTB

Lafora disease (EPM2) AR 6-19 Visual symptoms Polyglucosan inclusions
(Lafora bodies)

EPM2A
EPM2B

Myoclonic epilepsy
with red ragged
fibres (MERRF)

Maternal Any age Lactic acidosis Ragged red fibres MTTK
(tRNALys)

Neuronal ceroid
lipofuscinoses
(NCLs)

AR, AD Variable Macular degeneration
and visual impairment
(except adult form)

Lipopigment deposits;
granular osmiophilic,
curvilinear or
fingerprints inclusions

CLN1–CLN9

Sialidoses AR 8–15 Gradual cerebellar
rmen

acu

Urinary NEU
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D: autosomal dominant; AR: autosomal recessive. Modified fro

dult-onset NCL (Kufs disease; gene unknown), how-
ver, these diseases are excluded by the presence of
B. Mitochondriopathies, such as MERRF and MELAS,
sually exhibit maternal mtDNA transmission. Clinical
resentation may be heterogeneous and includes a
ide range of associated symptoms, such as deafness,

ow stature, myopathy, lactic acidosis and optic atro-
hy, with variable prognosis. Sialidosis is an extremely
are lysosomal disease with cherry red spot macu-
opathy and elevated urine oligosaccharides (Berkovic
t al., 1986).

rognosis and evolution

he prognosis of LD is invariably progressive and
atal, leading to death 5-10 years after clinical onset.
enotype-phenotype correlations do not reveal sub-

tantial differences between patients carrying EPM2A
nd EPM2B mutations, but a few specific EPM2B muta-
ions appear to correlate with a late onset and slow
pileptic Disord, Vol. 18, Supplement 2, September 2016

rogressing LD (Minassian, 2001; Boccella et al., 2003;
ranceschetti et al., 2006; Striano et al., 2008). At
resent, LD treatment remains palliative, with the
est current therapies having limited success in the
odulation of symptoms. Commonly used antiepilep-

ic therapy for the management of myoclonus may
mprove symptoms during the early stages of the

e
m
a
m
o
f
E

t; cherry-red
lopathy

oligosaccharides,
fibroblast
neuraminidase deficit

PPGB

iano et al. (2008).

isease (Minassian, 2001; Striano et al., 2008). Hope-
ully, the work of many investigators, who are putting
massive effort into elucidating the pathophysiology,
ill result in focused treatments to control the deteri-
ration of this otherwise devastating condition.

pidemiology of Lafora disease
nd its genetic correlations

D is a rare orphan disease. Based on all published
eports of LD mutations, we estimate an overall fre-
uency of ∼four cases per million individuals in

he world. Over 250 patients and/or families have
een described with LD (figure 2A). Of these, 42
er cent are caused by mutations in EPM2A and 58
er cent by EPM2B mutations (figure 2B). The ratio
f EPM2A to EPM2B cases varies with population,
ith some regions having many more EPM2A cases

han EPM2B, and vice versa, and this is, remarkably,
ot solely due to founder mutations (Gomez-Garre
S41

t al., 2000; Franceschetti et al., 2006). The most com-
on EPM2A mutation is the R241X mutation, which

ccounts for approximately 17 percent of EPM2A-
ediated LD. Large deletions make up 10-15 percent

f EPM2A mutations, with the remainder ranging
rom those causing approximately eight percent of
PM2A-mediated cases of LD (i.e. R171H) to orphan
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igure 2. Number (A) and percentage (B) of EPM2A and EPM2B ca
as prepared. Only ethnicities/countries with more than one cas

utations spread across the gene (figure 3A). For
PM2B, the two most common mutations are the
issense mutation P69A and the frameshift muta-
42

ion G158fs16 which affect ∼15 and ∼eight per
ent of EPM2B-mediated LD, respectively. As with
PM2A, the remaining EPM2B mutations span the
ene (figure 3B) and are rare, though some mutations
i.e. C26S and D146N) are more frequently observed.
ecause deletions can be overlooked using conven-

ional sequencing techniques, it is critical to consider

F

C
l
e
g

EPM2B

ccording to ethnicity/country, known to us at the time this article
shown here.

eletion/duplication analysis in any suspected LD
atients in whom initial sequencing of EPM2A and
PM2B reveals no change.
Epileptic Disord, Vol. 18, Supplement 2, September 2016

ounder effects and recurrent mutations

ertain mutations appear to be specific to particu-
ar ethnic groups and/or geographical locations. For
xample, LD affects French Canadians from a geo-
raphically isolated area of eastern Quebec with an
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igure 3. Location and relative frequency of EPM2A (A) and EPM
re approximated across each gene.

nusually high frequency, which is likely to be due
o the ancestral EPM2B C26S mutation (Chan et al.,
003a, 2003b). One study has been published on LD
n Oman, in which all cases in five separate, unrelated
amilies resulted from a single ancestral mutational
vent in EPM2B (Turnbull et al., 2008). Interestingly, the
PM2A R241X mutation commonly found in individu-
ls of Spanish descent resulted from both recurrent
vents and founder effects (Gomez-Garre et al., 2000;
pileptic Disord, Vol. 18, Supplement 2, September 2016

anesh et al., 2002a). At least five unique haplotypes
re associated with this mutation, indicating that a
inimum of five separate mutational events have led

o the prevalence of the R241X mutation. Accord-
ngly, EPM2A-mediated LD is more common than
PM2B-mediated LD in Spain. The second most com-
on mutation in EPM2B, the missense P69A mutation,

o
a
v
e
(
i
r

) mutations; dotted lines indicate deletion mutations. Locations

ppears to have occurred from multiple mutational
vents similar to the EPM2A R241X mutation (Gomez-
bad et al., 2005). Only one common haplotype was

ound among eight patients analyzed with P69A muta-
ions, strongly indicative of a recurrent event.

henotypic hetero- and homogeneity

linically, LD is a fairly homogenous disease with
S43

nset in adolescence and neurological decline soon
fter, but the timing and severity of symptoms can be
ariable, even within families. Both phenotypic het-
rogeneity and homogeneity have been noted in LD
see below) and with the large number of mutations
n both EPM2A and EPM2B, genotype-phenotype cor-
elations have been difficult to ascertain. Nonetheless,
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ome associations between the two have been made.
omez-Abad et al. identified three Arabic families
ith a complete deletion of the EPM2A gene (Gomez-
bad et al., 2007). Haplotype analysis and breakpoint
apping established a shared haplotype among the

atients, suggesting a common ancestral origin for
his mutation. Of the seven confirmed LD patients
n the pedigrees, there was great variability in both
isease onset and severity of symptoms, which was
nexpected, due to the founder effect of the mutation.
learly, even with the same ancestral mutation, pheno-

ypic heterogeneity is common. This has been shown
ith other ancestral founder mutations, including the

ecurrent R241X EPM2A mutation (Gomez-Garre et
l., 2000; Ganesh et al., 2002a). However, in a genetic
solate, the same ancestral founder mutation within

population resulted in phenotypic homogeneity
Turnbull et al., 2008). The uniformity of environmental
nd genetic background reinforces the idea that other
enetic and/or environmental modifiers may influence
he phenotypic spectrum in LD. Indeed, this has been
hown within one family; an EPM2B patient harbouring
coding variant for the PPP1R3C gene, which encodes
rotein targeting to glycogen (PTG), exhibited a milder
ourse of LD (Guerrero et al., 2011). The resulting
onclusion from reports of both clinical homogeneity
nd heterogeneity in LD is that even among families,
he disease course may or may not be identical and
ach LD patient is just as likely to have a clinically
iverse, rather than classic, disease course.

enotype-phenotype correlations

Atypical’ LD with early-onset childhood learning dis-
bilities has been reported (Ganesh et al., 2002a;
nnesi et al., 2004). Here, the authors showed a sig-
ificant association with exon 1 mutations in EPM2A,

inked to the development of learning disabilities prior
o the onset of classic neurological symptoms of LD.
xon 4 mutations were mainly associated with classic
D with no childhood-onset educational difficulties.
he authors suggest that exon 1 mutations can result

n the complete loss of laforin function, whereas exon
mutations may preserve some of its functionality.
owever, other studies have not shown the same asso-

iation, even with patients with the same or similar
utations in exon 1. Atypical LD with childhood learn-

ng difficulties, as observed by Ganesh et al. and Annesi
t al., may prove to be a sub-syndrome of LD or could
44

e due to as-yet-unknown genetic and/or environmen-
al modifying factors (Lesca et al., 2010).

ne study identified a family with two siblings with
D, one of whom presented with severe liver fail-
re as an initial symptom (Gomez-Garre et al., 2007).
iver function in the sibling was abnormal, although
he patient remained asymptomatic. Upon further

a

T
s
d
p
i

ollow-up, both developed classic LD, and mutation
creening revealed a homozygous EPM2A R241X muta-
ion in both siblings. Interestingly, the liver disease
esembled type IV glycogen storage disease (GSD; due
o GBE1 deficiency). The two diseases (type IV GSD and
D) share very similar features, namely the presence of
olyglucosan bodies. This suggests a role for modifier
enes in LD and the authors propose that these defects
ay lie in the same metabolic pathway, i.e. the glyco-

en metabolic pathway. The EPM2A R241X mutation is a
revalent mutation, and no other cases of hepatic fail-
re have been identified in patients with this mutation.

t is likely that other modifying factors led to this pre-
entation, but the similarity to type IV GSD is intriguing
nd, as the authors of the study mention, certain mod-
fiers may influence the severity of non-neurological
ymptoms in LD.
ome studies have indicated that patients with malin-
ediated LD have a slightly milder disease course than

atients with laforin-mediated LD (Baykan et al., 2005;
omez-Abad et al., 2005; Singh et al., 2006). However,
thers found no change in severity between the two

Franceschetti et al., 2006; Lohi et al., 2007; Traore, 2009;
esca et al., 2010; Brackmann et al., 2011). Conclusive
vidence involving large-scale comparisons is lacking,
ut it is clear that there exists one relatively common,
ilder, EPM2B mutation, which may be skewing the

omparative results in some analyses. Patients with
ither heterozygous or homozygous D146N mutation

n EPM2B, in all cases in our experience and in the
iterature, have an atypical milder LD consisting of a
ater onset of symptoms, longer disease course, and
xtended preservation of daily living activities (Chan
t al., 2003b; Baykan et al., 2005; Gomez-Abad et al.,
005; Francheschetti, 2006; Couarch et al., 2011). It is
ikely that at least some of the functionality of malin
s preserved in patients with D146N mutations, as it
as been demonstrated that the mutation preserves
oth the E3 ubiquitin ligase activity and a weak inter-
ction with laforin (Solaz-Fuster et al., 2008). Clinical
eterogeneity is common in LD, even among patients
ith allelic homogeneity and while it is true that cer-

ain mutations, such as D146N, cause a milder disease
ourse, most cases of malin-mediated LD have a dev-
stating disease course which is comparable to that of
aforin-mediated LD.

he pathology of Lafora disease
Epileptic Disord, Vol. 18, Supplement 2, September 2016

nd Lafora disease animal models

he primary morphological change in LD is the depo-
ition of polyglucosans, which consists of discrete
eposits of fibrillary polysaccharides composed of
oorly-branched glucose polymers (LBs). They are typ-

cally found in the brain, in the periportal hepatocytes
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PASD) section of the substantia nigra from the same patient. Not
Bs (arrowheads). (C) PASD-stained cerebral cortex. Note the p
lectron micrograph of a perikaryl LB. Electron dense core is th
igher power of (D). As well as the filamentous polyglucosans, a

F) Electron micrograph of a dendritic LB. Note the synaptic dens
he presence of glycogen particles at the periphery (arrows).
pileptic Disord, Vol. 18, Supplement 2, September 2016

f the liver, skeletal and cardiac myocytes, and in the
ccrine duct and apocrine myoepithelial cells of the
weat glands (Sakai et al., 1970; Carpenter & Karpati,
981a; Shirozu et al., 1985; Barbieri et al., 1987).
n the brain, the largest LBs tend to have two lay-
rs of various proportions in haemotoxylin and eosin
H & E)-stained preparations, the outer layer being

p
b
r
s
a
o
I

intense staining of the perikaryl LBs (arrows) and the ‘dust-like’
nce of numerous ‘dust-like’ LBs (arrowheads). (D) Low-power
ivalent of the basophilic core seen in H&E-stained material. (E)
gates of ‘glycogen-like’ material were frequently seen asterisks.
rrow). (G) Electron micrograph of a tannic acid-stained LB. Note
S45

ale and the core basophilic (figure 4A). These large
odies are usually found in neuronal perikarya. The
atio of perikaryal LBs to neurons is highest in the
ubstantia nigra, followed by the dentate nucleus
nd some thalamic nuclei (figure 4B). They are rare
r absent in the anterior part of the spinal cord.

n the cerebral cortex, perikaryal LBs are rather
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cant, but a periodic acid Schiff (PAS) stain reveals
umerous small LBs in the cortical neuropil (figure 4C),

he majority being found in dendrites. These are com-
only referred to as ‘dust-like’ in appearance. The

AS-positive material found in both perikaryal and
dust-like’ LBs, as well as LBs found in other tissues,
re diastase-resistant, hence for all diagnoses of sus-
ect LD patients, diastase-treated PAS (PASD) staining
lays an integral role in the identification of the disease

n both surgical biopsy and autopsy materials. Some
atchy neuronal loss may be present in the later stages
f the disease, but this is not a prominent feature (Sakai
t al., 1970; Carpenter & Karpati, 1981a).
lectron microscopy confirms the presence of fib-
illary accumulations typical of polyglucosans within
he LBs. Using electron tomography, we were recently
ble to identify an ordered structure where individual
olyglucosan fibrils bifurcate at a regular periodic-

ty, ranging from 50-125 nm, depending on the tissue
f origin (unpublished observation). This is especially

rue of the perikaryal and ‘dust-like’ LBs found in the
rain, in skeletal muscle myocytes, and all of the LBs

n affected sweat glands. Along with the filaments,
here is often poorly-defined granular material within
he LB itself. In two extremely well preserved brain
iopsy specimens, we observed “glycogen-like” parti-
les in the dendritic cytoplasm and the perykaryon of
eurons in both perikaryal and ‘dust-like’ LBs (unpub-

ished data) (figure 4D-G). Glycogen is rarely found
n neurons because the sugars are rapidly metabo-
ized. In skeletal muscle and cardiac myocytes, the
brillary polysaccharide accumulates in membrane-
ound spaces which are not lysosomal (Yokoi et al.,
975; Carpenter & Karpati, 1981a; Barbieri et al., 1987).
here is variation in the morphology of the enclosed
aterial, including some granular material, but the
ajority is fibrillar. Skeletal muscle can be used as
source for morphological diagnosis, but it is far

rom ideal, since the degree of involvement varies,
nd not all muscle fibre types are involved (Neville
t al., 1974; Turnbull et al., 2011a) (figure 5A, B). This
as been clearly demonstrated in a laforin knockout
ouse model, and retrospective studies on human
uscle biopsies are currently underway. Similar to the
ouse, preliminary data suggest that humans do in fact

roduce LBs in type II fibres (Turnbull et al., 2011a).
epatic insufficiency is an early event in rare LD
atients (Nishimura et al., 1980; Tomimatsu et al., 1985;
omez-Garre et al., 2007). In the liver, PASD stain-
46

ng shows deposits of large portions of PASD-positive
aterial in many of the periportal hepatocytes, con-

ning the nucleus and other organelles to one side of
he cell. Liver biopsy has been used for diagnosis, but
he pathology is not specific to LD alone (Nishimura
t al., 1980). Electron microscopy of periportal hepato-
ytes with LBs reveals lakes of loosely packed fibrillar

a
e
s
t
l
g
b

aterial with some glycogen particles and/or rosettes
ithin the LB. Although a few organelles such as mito-

hondria and peroxisomes can be found in the LB, the
ajority of the smaller organelles are confined to a

hin layer of cytoplasm which is continuous with the
hicker side of the cell which contains the nucleus, the

ajority of the endoplasmic reticulum, and the Golgi
figure 5C, D).
he occurrence of LBs in the sweat glands has become
he gold standard in the pathological diagnosis of LD
Carpenter & Karpati, 1981b; Andrade et al., 2003). Skin
s the most accessible of the affected tissues and biopsy
rocedures are the least invasive. LBs can be found in

he eccrine duct cells, close to the secretory coil or
lose to the surface. They are extremely PASD-positive
nd are roughly the size of the cell nucleus. Under
he electron microscope, LBs are almost ‘starch-like’ in
ppearance, however, this is not a diagnostic feature.
he eccrine myoepithelial cells rarely contain LBs. The
pocrine myoepithelial cells, in contrast, contain LBs
n almost all cases. The apocrine secretory (luminal)
ells never contain LBs, but do contain PASD-positive
nclusions which can be misleading (Andrade et al.,
003) (figure 6).
third gene (PRDM8) has recently been discovered in
single family. As with EPM2A and EPM2B mutations,

he patients have a progressive myoclonus epilepsy
hich is similar to typical LD, but also exhibit signifi-

ant differences (Turnbull et al., 2012). The sweat glands
n these patients contain no LBs. At present, we have
ot been able to study the brain of these patients for

ack of material. Absence of LBs in the sweat glands of
hese patients could influence the current diagnostic
lgorithm. If a patient has all the clinical manifestations
f LD, a new gene defect is detected, and there are no
Bs found in the sweat glands in the skin biopsy, the
hysician should consider an open muscle biopsy, as
Bs are readily found in the muscle.
n order to further our knowledge of LD, it is nec-
ssary to study animal models of this disease which
ould lead to breakthroughs in the understanding of
he pathogenesis, which may subsequently lead to
otential therapies. Polyglucosan storage disease with
yoclonic epilepsy has been known to exist in animals

ince it was reported in a beagle in the early 1920s.
lthough it has only been reported in several breeds
f dogs and other species of the Canidae class, as
ell as cockatiels, pigs and cattle, it has probably been
verlooked in many other species, since it is rare for
nimals to be subjected to post mortem examination,
Epileptic Disord, Vol. 18, Supplement 2, September 2016

specially non-domesticated animals. The most widely
tudied of these naturally occurring animal models is
he pure bred dog. As these animals are bred from a
imited gene pool, the potential for consanguinity is
reatly increased. Fortunately, breeders are regulated
y kennel clubs and in order for these dogs to be
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igure 5. Lafora disease in human muscle, liver, and heart. (A)
he fibres contain LBs. (B) Electron micrograph of an LB in mus
ranular material. (C) PASD-stained hepatic periportal region of a
D) Electron micrograph of a LB in liver from biopsy material. N
lamentous, material forming the LB. (E) Low power of a PASD-st
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igher magnification of (E). LBs occupied a high percentage of the sa

old as pure bred, evidence of a known lineage and a
tringent medical examination must first be sub-
itted to these organizations, prior to a certificate

eing issued. As the majority of these animals are

s
e
a
i

-stained formalin-fixed muscle biopsy from a patient. Two of
ote that it is membrane-bound and contains both fibrillar and
patient at autopsy. Arrows indicate hepatocytes containing LBs.

the thin cytoplasm and the predominately granular, with some
heart from a LD patient at autopsy. Note the numerous LDs. (F)
S47

rcoplasm of the cardiac myocyte.

old as companion animals, the dogs are routinely
xamined by qualified veterinarians and sometimes,
lthough rarely, LD is detected in these dogs. LD
n dogs can occur spontaneously in any breed of
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f LBs in the myoepithelial cells of apocrine sweat glands (arrow
weat gland. (D) Electron micrograph of an LB in a myoepithelial

og, but it particularly affects miniature wire-haired
achshunds, basset hounds, and beagles (Kaiser et al.,
991; Gredal et al., 2003; Lohi et al., 2005). The disease
oes not present in dogs until at least five years age

35 in human years).
yoclonus is the dominant feature of the canine

isease and this can be induced by flashing lights,
udden sounds, and movement. Generalized or com-
lex partial seizures can be seen in some dogs. The
isease progresses over many years and gradually
ther neurological deficits, such as ataxia, blindness,
nd dementia, occur. Unlike humans, affected animals
ave a near-normal life expectancy, though as quality of

ife diminishes, the owner may be forced to euthanize
48

he animal.
athological examination of these dogs revealed dis-
ribution and frequency of LBs in the brain identical
o that found in the human disease (Lohi et al., 2005).
s with humans, the liver contains LBs only in peri-
ortal hepatocytes. Both cardiac and skeletal myocytes
ontain LBs. Dogs do not have sweat glands in the

p
m
t
N
m
a
t

500 nm

f LBs in ductile cells in eccrine sweat glands. (B) PASD staining
) Electron micrograph of an LB from a ductile cell in an eccrine
rom an eccrine sweat gland.

kin, except in the footpads, where both apocrine and
erocrine sweat glands are present; the LBs are identi-

al in size and structure to those of the human disease.
hey are found in the apocrine myoepithelial cells
nd in the merocrine ductile and myoepithelial cells
figure 7).

ith the identification of two genes (EPM2A [laforin]
nd EPM2B [malin]) responsible for LD, it was only
ogical that transgenic mice technology be utilized to
evelop murine models of the disease, in order to fur-

her advance our knowledge of LD.
he first of the animal models developed was a

aforin-deficient murine mutant (Ganesh et al., 2002b).
his was achieved by deleting the dual-specificity
Epileptic Disord, Vol. 18, Supplement 2, September 2016

hosphatase domain of the EPM2A gene. These null
utants developed LBs in the brain, specifically in

he hippocampus, cerebellum, cortex, and brainstem.
euronal degeneration was observed in younger
ice, but the same phenomenon was observed in

ge-matched wild-type littermates, which is sugges-
ive of neuronal remodelling during development.
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rom an affected dog. A cluster of hepatocytes containing LBs is
lectron micrograph of a hepatocyte containing an LB (LB). Note
f the cell. (E) PASD-stained sweat gland from the footpad of
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yoepithelial cells. (F) Electron micrograph of an LB in a myoepithelia

he onset of LB accumulation occurred at two months.
he highest number of perikaryal LBs was found

n the molecular layer of the cerebral cortex and,
s with humans, perikaryal LBs had two layers of

v
a
f
c

rrow indicates the synaptic density. (C) PASD staining of a liver
in the portal tract. Arrow indicates a bile duct. (D) Low-power

the majority of the cytoplasm has been pressed to the periphery
fected dog. Note (arrows) the numerous LBs confined to the
S49

l cell.

arious proportions; the outer layer being pale
nd the core basophilic. ‘Ground glass’ LBs were
ound throughout. Mild focal neuronal degenerative
hanges were detected primarily in the Purkinje cells
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. Turnbull, et al.

f the cerebellum and were particularly present in the
ater stages of the disease. Ultrastructural examination
f these tissues revealed prominent LBs in many of the
eurons in all of the affected areas. As with dogs, mice
ave no sweat glands in the skin, except in the footpads
here LBs were found. LBs were also found in skeletal

nd cardiac myocytes. No LBs were detected in the liver
sing either PASD staining or electron microscopy,
lthough they were reported to be present using an
ntibody against polyglucosan bodies.

transgenic mouse was generated which overex-
ressed myc-tagged inactivated laforin, in order to trap

he substrate of laforin (Chan et al., 2004). Myc-laforin
as expressed 150-fold higher than endogenous

aforin. LBs were formed in the neuronal perikarya and
endrites, liver, sweat glands in the footpad, and skele-

al and cardiac myocytes. In the liver, hepatocytes with
Bs were found in discrete clusters throughout zones 2
nd 3. Using an antibody against myc with immunper-
xidase staining or immunogold labelling, we were
ble to determine both the cellular and subcellular dis-
ribution of myc-laforin. Particularly striking was the
taining of the LBs in cerebellar Purkinje cell somas
nd dendrites and stellate neurons, as well as the
resence of discrete punctate structures consistent
ith LBs throughout the molecular layer of the cor-

ex, and in some hippocampal and cerebral neurons.
verall, however, LBs in the brain in this model were
uch lower in number than in the knockout mouse
entioned above.

n addition, a malin knockout mouse was developed.
he malin exon was removed by in vivo recombina-
ion and an embryonic stem cell line (ESL) was created.
he ESL was aggregated and a chimeric mouse was
enerated. These were bred into a C57B6 background
nd the malin null mouse line was established from
he resultant heterozygous mice (Turnbull et al., 2010).
hese mice, like the laforin knockout mice, devel-
ped LBs in the brain at around two months. These
ull mutants developed LBs in the brain in the hip-
ocampus, cerebellum, cortex, and brain stem. As
as the case for the laforin-deficient mouse, the LBs

onsisted of two populations. The perikaryal LBs con-
isted of two layers; the outer layer being pale and
ildly eosinophilic and the core basophilic. These
ere found primarily in the cell bodies of neurons

n the cerebral cortex molecular layer. “Dust-like” LBs
ere found throughout the grey matter. LBs were

lso found in the sweat glands of the footpads and
50

n skeletal muscle and cardiac myocytes. Unlike the
aforin knockout or mutant laforin mice, malin null

ice had LBs in some of the periportal hepatocytes.
ot unlike the human or canine liver LBs, they occu-
ied the centre of the cells, pressing the nuclei and

he majority of cytoplasm to one side, as well as the
eriphery of the cell. Under the electron microscope,

t
g
f
t
e
E
t

he LBs formed lakes which consisted of clusters of
glycogen-like’ particles and fibrillar material. Other
roups have also generated malin knockout animals
ith similar results. Pathological sample images from

he third mouse model mentioned above are pre-
ented in figures 8, 9 and 10.
ne of the most exciting developments in the

tudy of LD using transgenic mice is the use of
ouble knockouts. In LD, glycogen synthase (GS)
ver-activity is considered one of the primary cul-
rits for the formation of polyglucosans (Vilchez,
007). It has been hypothesized that the reduction
n GS activity might prevent polyglucosan formation.
aforin-deficient mice were bred with mice deficient
n PTG, a protein involved in activating GS, resulting
n LD mice lacking the GS-activating effect of PTG. The
esultant double knockout (DKO) mice have almost no
olyglucosan or neurodegeneration, and no seizures

Turnbull et al., 2011b). The development of this DKO
ouse demonstrates the importance of using this

pproach to create strategies for therapeutic interven-
ions which ultimately may result in a cure for this
evastating disease. Due to the inability to use this
pproach in humans, results from this and knockouts
f other glycolytic pathway constituents in other DKO
ice are likely to reveal molecules which, when inac-

ivated or eliminated, lead to the control or cure of
D. Once these molecules have been identified, the
evelopment of small molecule antagonists against
S, its activators, and potential GS up-regulators will
e developed as potential therapies for human LD.

athogenesis of Lafora disease

ormal glycogen remains soluble in the cell due
o its highly organized structure, whereas polyglu-
sans precipitate in the cell due to disturbances in

he structure of the carbohydrate, and aggregate into
B (Tagliabracci et al., 2008). LBs are very similar in
orphology to polyglucosan bodies seen in glycogen-

ranching enzyme deficiency, differing only in their
ellular location. In both LD and glycogen-branching
nzyme deficiency, polyglucosans form in neurons. In
D, they are exclusively seen in the cell bodies and
endrites. In glycogen-branching enzyme deficiency,

hey are seen in axons. The two diseases have markedly
issimilar clinical symptoms, which is most likely to
e due to this difference in polyglucosan localiza-
Epileptic Disord, Vol. 18, Supplement 2, September 2016

ion. LD is a progressive myoclonus epilepsy, whereas
lycogen-branching enzyme deficiency patients suffer
rom an adult-onset motor neuron disease, similar to
hat seen in amyotrophic lateral sclerosis (ALS) (Bruno
t al., 1993).
PM2A encodes a protein named laforin which con-
ains a dual specificity phosphatase domain and a
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igure 8. Lafora disease in the brain of a mouse model. (A) PASD-s
ike’ LBs are seen. (B) Electron micrograph of a juxtanuclear LB (LB)
B (LB) from a laforin-deficient mouse. Note central location of
ensity. (D) Electron micrograph of an LB from a malin-deficien

E) Electron micrograph of a perikaryal LB from a myc-tagged m
pileptic Disord, Vol. 18, Supplement 2, September 2016

abelled for myc. Gold label is confined to the LB. (F) Electron micro
onfined to the LB.

arbohydrate binding motif (Minassian et al., 1998).
he second LD gene, EPM2B, encodes malin, an E3
biquitin ligase (Chan et al., 2004). Over a decade
as passed since the second causative LD gene was

i
b
l
m

d cortex from a malin-deficient mouse. Both perikaryal and ‘dust-
a laforin knockout mouse. (C) Electron micrograph of a dendritic
olyglucosans within the dendrite. Arrow indicates the synaptic
use. Polyglucosans appear thicker and more electron opaque.
t laforin over-expressing mouse, which has been immunogold
S51

graph of an LB from the same mouse line as (D). Gold label is

dentified. Since then, a number of hypotheses have
een put forward as to the function of both malin and

aforin in the pathogenesis of LD. The next decade will,
ost likely, unravel the complete pathway leading to
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a portal tract from a malin-deficient mouse. Arrows indicate hepatocytes containing LBs. (C) Electron micrograph of a LB (LB) from
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myc-tagged mutant laforin over-expressing mouse hepatocyte. No
redominately granular nature of the LB. (D) Electron micrograph of
epatocyte that has been immunogold labelled with an antibody ag
icrograph of a malin-deficient periportal hepatocyte containing an

ranular and filamentous material (LB).
Epileptic Disord, Vol. 18, Supplement 2, September 2016

te how the cytoplasm has been pressed to one side. Note the
a LB from a myc-tagged mutant laforin over-expressing mouse
ainst myc. Label is confined to the LB. (E) Low-power electron
LB. (F) Higher power of (E) showing that the LB contains both
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igure 10. Lafora disease in the heart and skeletal muscle of a
Bs were detected in some of the cardiac myocytes. (B) PASD-sta
etected in some of the muscle cells. (C) Electron micrograph o

n a malin-deficient mouse muscle. Note the overall electron op

D and provide the knowledge which is necessary for
nding a cure for this devastating disease.
D has been speculated to be caused by defects in
he clearance system(s) of the cell, similar to diseases
uch as Parkinson’s and Alzheimer’s. The presence
f large inclusions and LBs, along with the finding

hat LBs contain a minor component of protein(s),
uggested a defect in either autophagic processes
nd/or protein clearance. In keeping with this line
f thought, defects in both autophagy and protein
learance have been reported in both Epm2a-/- and
pm2b-/- mice (Garyali et al., 2009; Aguado et al., 2010;
necht et al., 2010; Puri & Ganesh, 2010; Rao et al.,
010; Criado et al., 2011; Puri et al., 2012). Unexpect-
pileptic Disord, Vol. 18, Supplement 2, September 2016

dly, the autophagic dysfunction in Epm2b-/- mice is
ifferent to that of Epm2a-/- mice, resulting from an
Tor-independent pathway (Criado et al., 2011). This

uggests that if autophagic dysfunction is, indeed, at
east partly causative of LD, mutations in malin and
aforin may have separate and dissimilar disease mech-
nisms, which would be surprising, given the highly

i
h
e
d
t
t
L

500 nm

e model. (A) PASD-staining of a laforin-deficient mouse heart.
of malin-deficient mouse skeletal muscle. Numerous LBs were
in laforin-deficient mouse skeletal muscle. (D) Equivalent field
filamentous appearance of the LBs.

imilar phenotypic outcomes in both laforin- and
alin-deficient LD.
alin has been reported to ubiquitinate a number

f proteins, including laforin (Gentry et al., 2005),
lycogen-debranching enzyme (Cheng et al., 2007),
TG/GS (Vilchez, 2007; Solaz-Fuster et al., 2008; Worby
t al., 2008), neuronatin (Sharma et al., 2011), AMPK
Moreno et al., 2010), and dishevelled2 (Sharma et al.,
012). However, only laforin and GS have been clearly
hown to be increased in Epm2b-/- mice (Tagliabracci
t al., 2007, 2008; DePaoli-Roach et al., 2010; Turnbull
t al., 2010; Valles-Ortega et al., 2011), indicative of in
ivo action of malin on laforin. Additionally, no changes
ffecting the ubiquitin-proteasomal system were seen
S53

n Epm2b-/- mice (Criado, 2011), while these defects
ave been seen in a number of laforin-deficient mod-
ls. It therefore appears that these protein clearance
efects are a secondary consequence of LB forma-

ion, which is supported by recent studies showing
hat removal of the major polyglucosan component of
B by downregulation of glycogen synthesis results in
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ear-complete disease resolution (Turnbull et al., 2011;
uran et al., 2014).
major prevailing hypothesis over the years in LD

esearch has focused on the balance between glyco-
en synthesis and glycogen branching (Lohi et al.,
006). Normally, GS synthesizes glycogen while the
ranching enzyme promotes the extension of the
rowing chain. This balance results in a soluble,
ighly ordered glycogen molecule. When this bal-
nce is disturbed in the direction of synthesis (i.e.
hen branching enzyme is deficient), polyglucosans

orm, as is seen in patients with glycogen-branching
nzyme deficiency. The similarities between LBs
nd the accumulations seen in glycogen-branching
nzyme deficiency, as well as data showing that
ver-expression of GS can also cause polyglucosan
ccumulation (Raben et al., 2001), make this an appeal-
ng and logical hypothesis. More substance was added
o this proposal that there is a misbalance between
ynthesis and branching, when Fernández-Sánchez
nd colleagues demonstrated an interaction between
aforin and PTG, a glycogen-targeting subunit of pro-
ein phosphatase-1 (PP1) (Fernandez-Sanchez et al.,
003). PTG directs PP1 to the glycogen-metabolizing
nzymes, activating GS while inhibiting glycogen
hosphorylase, and thus leading to a net increase in
lycogen synthesis (Printen et al., 1997). In addition to

ts interaction with PTG, laforin has also been shown to
nteract with other regulatory subunits of PP1, includ-
ng GL and R6, members of the same family as PTG.
ubsequent studies have confirmed the PTG interac-
ion using cell over-expression systems in vitro, but no
n vivo interaction studies have been reported, which
s likely to be due to a lack of a suitable antibody to
TG. Interestingly, some disease-causing mutations in

aforin specifically affect its interaction with PTG, indi-
ating that disruption of this interaction is pathogenic.
ysregulation of PTG has been hypothesized to cause

D, primarily based on results from in vitro studies. Ele-
ant work by Vilchez and colleagues showed that malin
nd laforin act together to control levels of glycogen
ynthesis by targeting PTG and/or GS for proteasomal
egradation (Vilchez, 2007; Solar-Fuster, 2008; Worby
t al., 2008). When either laforin or malin is missing,

evels of PTG, an indirect activator of GS, increase,
ausing GS over-activation. In this hypothesis, over-
ctive GS would cause an imbalance between glycogen
ranching and extension, leading to the formation
f LBs. Results from studies using animal models of
54

D showed no increases in PTG levels or GS activ-
ty, indicating that dysregulation of PTG may not be
ausative of LD (DePaoli-Roach et al., 2010; Turnbull et
l., 2010; Valles-Ortega et al., 2011). Nonetheless, the
arge amount of in vitro data, along with a study show-
ng that removal of PTG from laforin-deficient mice
esulted in a dramatic reduction in LB and a cure for

T
t
t
h
t
t
p

D in the mouse, strongly supports the conclusion that
TG and laforin interact, and that both are involved in
he same metabolic pathway.
he beginnings of an attractive hypothesis emerged
rom the laboratory of Jack Dixon when they reported
hat laforin was a carbohydrate phosphatase which
ould dephosphorylate amylopectin, a plant carbohy-
rate (Worby et al., 2006). Following this, Tagliabracci
nd colleagues expanded on this work in a series
f elegant experiments. First, they demonstrated that

aforin could indeed dephosphorylate glycogen and,
ost importantly, that glycogen phosphate levels were

resent at a much higher level than normal in mice
acking laforin (Tagliabracci et al., 2007, 2008). The cova-
ently bound phosphate on glycogen was shown to be
resent at all available glucose carbons of glycogen,

.e. C2, C3 and C6 (Tagliabracci et al., 2011; Nitschke
t al., 2013). Precisely where the phosphate on glyco-
en originates and how it results in glycogen becoming
olyglucosan remains unknown. It was shown that

aforin removes these phosphates during glycogen
egradation (Irmia, 2015). This emerging phosphate
ypothesis is compelling, but fails to identify a role

or malin in LD. At 12 months of age, laforin-deficient
ice have a 4.2-fold increase in muscle glycogen phos-

hate, whereas malin-deficient mice present a more
odest increase of 2.8-fold over normal wild-type lev-

ls (Tagliabracci et al., 2008; Tiberia et al., 2012). The
ack of a comparable phosphate increase in malin defi-
iency when laforin deficiency and malin deficiency
re clinically equivalent raises the likelihood of other
echanisms at play in malin-deficient LD. Based on

ur most recent results from malin-deficient mice,
e showed that absence of malin leads to increased

aforin, as an initial step prior to any LB formation, and
hen progressive accumulation of laforin in glycogen.

e also found that the gradual accumulation of laforin
n glycogen renders the latter progressively less solu-
le. In related work, we showed that over-expressing

aforin in cell culture leads to a conversion of glycogen
o polyglucosan masses. This phenomenon continues
o occur when laforin mutants, which bind glycogen
ut are phosphatase-inactive, are used. This no longer
ccurs when laforin mutants which cannot bind glyco-
en are used. Collectively, these results suggest that
alin functions to regulate the quantity of laforin, and

xcess laforin on glycogen is detrimental to glycogen,
eading to glycogen conversion to polyglucosan and
B (Tiberia et al., 2012).
Epileptic Disord, Vol. 18, Supplement 2, September 2016

he last decade has brought about a number of break-
hroughs in the understanding of LD pathogenesis,
hough a clear picture has not yet formed. Each new
ypothesis has come with its own weaknesses. The

wo main hypotheses of LB formation centre round
he synthesis of glycogen and its structure. Com-
elling evidence has been presented for both, though
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ach has their own caveats. Tiberia and colleagues
ttempted to propose a unifying hypothesis (Tiberia
t al., 2012). Firstly, they considered laforin’s role as
glycogen phosphatase, which removes phosphate

rom glycogen allowing it to remain soluble in the cell.
econdly, malin acts on laforin, and is likely also to
ct on other glycogen metabolic enzymes, to remove
hem from the glycogen molecule. If laforin is miss-
ng, phosphate accumulates and causes glycogen to
ecome structurally abnormal and precipitate. If malin

s missing, laforin remains “stuck” to glycogen, again
isturbing the precise structure of glycogen and caus-

ng it to precipitate. This hypothesis answers a number
f outstanding questions in LD research, foremost
ddressing the role of malin in LD. Here, malin has two
oles; the first to control cytosolic amounts of laforin to
eep it from inadvertently ‘clogging up’ the structure
f glycogen, and second, to remove laforin (and prob-
bly other proteins, such as GS) from glycogen itself
fter laforin has removed the specific phosphate. Gen-
ry and colleagues (Gentry et al., 2005) had previously
peculated that malin may play a role in the regula-
ion of laforin levels, but the actual mechanism behind
his was unknown. In this hypothesis, both laforin defi-
iency and malin deficiency lead to LB formation by
eans of foreign matter on the glycogen molecule

tself (phosphate and protein, respectively). While this
heory appeared to bring together disparate aspects
f LD research, most recent results once again raised a
ew and serious challenge. It was shown that express-

ng a phosphatase-inactive laforin in laforin knockout
ice can fully rescue LD in these mice (Gayarre et al.,

014). This finding puts back into question the role
f phosphate in polyglucosan formation, causing the
eld to be re-examined once more. The field has, how-
ver, been very rich in results since the genes for this
isease were identified. It is hoped that a few new
reakthroughs will lead to a comprehensive under-
tanding of this deadly disease.

isease management and therapy

afora disease (LD) is a devastating condition, with
everely limited life expectancy and therapeutic
ptions which continue to be limited. Its striking clin-

cal and EEG features may lead to early diagnosis, but
ecause it remains uncommon, few clinicians gain sig-
ificant experience of this condition, and diagnosis
pileptic Disord, Vol. 18, Supplement 2, September 2016

s often delayed. Moreover, LD is a recessively inher-
ted condition, with founder effects and increased
revalence associated with inbreeding, and thus LD

s unevenly distributed across the world, which con-
ributes to ‘knowledge gaps’ about the condition.

e will try here to delineate the practical steps that
e recommend in the management of patients with

t
c
r
m
r
d
l

Lafora disease

D. It is clear, in our eyes, that there is an intermediary
tage: the clinical diagnosis of LD is now compara-
ively easy to confirm. Efficient anticonvulsants can be
sed to alleviate the burden of the attacks, but better

nsights into the mechanisms underlying the produc-
ion of LBs and the progression of clinical symptoms
ave not yet produced ground-breaking therapeutic
dvances. Thus, dealing with LD patients and their fam-
lies is not an easy task, because there is little hope to
ffer and the genetic nature of the condition raises
any questions within the affected families.

anagement: diagnosis and genetic counselling

iven the severity of the prognosis, a biological confir-
ation of the diagnosis of LD is necessary; this used to

e made based on typical pathological findings (from
skin, muscle, or liver biopsy), but nowadays relies

n genetics. Genetic screening, which remains costly,
hould be justified by solid clinical and EEG evidence,
nd should be performed together with a variety of
ests, while screening for all possible genetic mech-
nisms in a poorly-assessed case with epilepsy and
yoclonus.

he diagnosis of LD is based on three levels of evidence
figure 11):

The clinical evidence is a compound of history-
aking (family background, circumstances, aspects and
rogression of seizures and myoclonus, and visual
gnosia) and examination (including cognitive and
sychological assessment, exclusion of associated
ymptoms such as sensory deficits, and video doc-
mentation of myoclonus and general behaviour).
he most common clinical situation is one where

diopathic generalized epilepsy (IGE) or even juve-
ile myoclonic epilepsy (JME) has been diagnosed,
ith a re-assessment of the patient’s situation because
f a very unusual evolution which tends towards
orsening; the clinical work-up should help exclude

he possibility of aggravation of IGE by inappropri-
te antiepileptic drugs (AEDs), which may result in a
seudo-PME.

Complementary evidence is based on a thor-
ugh evaluation of the EEG, polygraphic EEG, and
ideo-EEG (with an assessment of progression of
hanges over time). Neurophysiology may also help
istinguish between LD and other adolescent-onset
MEs, e.g. Unverricht-Lundborg disease, in which
S55

he EEG changes are less pronounced, or juvenile
eroid-lipofuscinosis, in which prominent single-flash
esponses on the EEG are found. Other procedures

ay also help in the differential diagnosis (neu-
oimaging/MRI is not informative in LD). Pathological
emonstration of LBs in sweat gland duct cells on axil-

ary skin biopsy (or, less commonly, on liver or muscle
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focal occipital spikes

LD suspected Skin biopsy

Negative ?
Reassess clinically
Discuss other PMEs

New look at EEG
Video-EEG
Cognitive assessment
Clinical genetics
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Molecular biology
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Family history of LD
with compatible symptoms
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igure 11. Management of patients with LD: diagnosis.

iopsy) used to be the definitive diagnostic tool, but
equires a highly trained pathologist; it may still ren-
er services as a supplementary element in favour of
diagnosis of LD when genetic testing is not available,
r not entirely conclusive.
The confirmation of diagnosis is nowadays provided

y the demonstration of a pathogenic mutation in both
lleles of one of the EPM2 genes, with presence of
eterozygous mutations in each of the clinically unaf-

ected parents.
he diagnosis of LD can be made, or suspected, in vari-
us clinical settings, with, in our opinion, three typical
ituations:
t an advanced stage of the condition, in very typical
atients and/or families who were not diagnosed ear-

ier due to a lack of local expertise resulting from the
arity of LD in some settings, or due to the absence of

olecular biological tools, e.g. in rural Africa (Traoré
t al., 2009). In such cases, genetic testing will show
he genetic subtype, and contribute to the worldwide
map’ of mutations found in EPM2A and EPM2B.
56

PME or LD should enter the differential diagno-
is for any adolescent with a diagnosis of IGE, JME,
r photosensitive epilepsy with not only failure to
espond to AEDs, but also a condition that appears
o worsen. In such patients, a thorough re-evaluation
f the clinical data shows that the patient has resting
nd action myoclonus, often well-controlled/masked

b
t
t
o
s
a
o

y medication, such as valproate (VPA), or, charac-
eristically, negative myoclonus (Genton et al., 2012),
isual agnosia, and prominent, specific EEG changes.
he search for a mutation in the known LD genes is
arranted to confirm the diagnosis.

n other radically different situations within the con-
ext of a family with a confirmed diagnosis of LD in
ne of its members. Although LD is highly unlikely

n asymptomatic adults, such adults will want to
now whether they carry a heterozygous mutation;

n younger asymptomatic siblings, LD may still man-
fest, and the emergence of “preventive” treatment
trategies may render the identification of the muta-
ion useful in this context. As the pathogenic mutations
ave already been characterized in the proband, the
ost of the investigations for other family members will
e lower, and the importance of detecting preclinical
ases will also be known.
t is evident that the diagnosis of LD should not be
iven to the family before a final and definitive confir-
ation, however, once it is confirmed, it should not
Epileptic Disord, Vol. 18, Supplement 2, September 2016

e kept from the caregivers. Presenting the diagnosis
o patients themselves is not advisable, as there is lit-
le hope to offer. Moreover, they may be too young
r affected to understand the implications; at an early
tage, some may still be able to understand and gain
ccess, e.g. on the internet, to detailed information
n LD, which might cause severe depression. In our
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xperience, a diagnosis of ‘severe, drug-resistant
pilepsy’ will satisfy the patient’s curiosity and still
ffer some hope and a reason for accepting help. How-
ver, if significant progress occurs in the near future,
his global attitude may have to change, for example, in
rder to accept pathogenetically-founded therapies.
he consequences of a diagnosis of LD for the family
f the proband should not be underestimated. Time
hould be devoted to the change expected for patients
nd their families (see below), but also to counselling
egarding the following topics:
The legitimate feelings of guilt and resentment must

e alleviated with a few simple statements, that the
nheritance is bilateral (i.e. the disease does not come
pecifically from the father or from the mother, but
rom both sides), that the disease results from a very
ncommon co-occurrence of abnormal genes (even

n consanguineous marriages), and that persons with
single abnormal gene will not have the disease.
The main concern is the possible occurrence of

D in other family members. The risk can be practi-
ally excluded in older, fully asymptomatic siblings, but
annot be excluded in younger asymptomatic siblings
or, a fortiori, in as yet unborn siblings, if the parents
re young enough to have other children. Whether
iblings, especially younger ones, should be subject
o molecular screening is still debatable. There is no
eliable, recommended treatment, in pre-symptomatic
D cases, to prevent or delay the appearance and
rogression of symptoms. However, new perspectives
re opening up with new possible treatments. Knowl-
dge of the type of causative mutation that affects the
roband allows precise counselling in this matter. Hav-

ng provided all the relevant information, the clinician
n charge of the patient will come to an agreement
ith the family and obtain their informed consent for

ll the procedures performed on non-affected fam-
ly members. If the family shows reluctance towards
enetic testing, a simple EEG recording for a younger
ibling may provide information on the potential risk
f LD, as EEG changes may precede the first clini-
al symptoms by many years (Van Heycoptenhamm

De Jager, 1963). Concerning future pregnancies
or the parents of a patient with LD, the risks are
nown (LD: ¼; transmission of one pathogenic gene:
; no risk: ¼), and prenatal screening can also be
roposed.
The risk of carrying an abnormal gene and transmit-

ing the condition to other generations is also a major
oncern in families with LD. We have no experience
pileptic Disord, Vol. 18, Supplement 2, September 2016

f patients with LD having children. Their siblings or
arents (when they plan to have children with another
pouse), as well as other family members, may benefit
rom molecular screening in order to assess the pres-
nce or absence of the pathogenic gene(s) found in
he proband.

o
b
m
s
c
s

Lafora disease

n important aspect of diagnosis and genetic coun-
elling is financial; insurance and conditions of
eimbursement (or, more basically, the availability
or procedures, tests, and medications) differ greatly
etween countries and social systems. Families should
lways be informed about the costs involved; searching
or a mutation is expensive, but the simple screen-
ng for a known mutation is less costly. Similarly,
he regulations covering genetic diagnosis, screen-
ng, and counselling may differ between countries,
nd clinicians should always conform to local laws.
btaining informed consent for the successive steps

f diagnostic and screening procedures is a minimum
equirement.

anagement: treatment and social support

n this article, new therapeutic proposals are not dis-
ussed since these are covered in detail in the last
rticle (Minassian, 2016). We shall focus on the med-
cal and social measures that are available for the
are of present-day LD patients (figure 12). It is clear
hat health systems vary greatly between countries,
articularly between affluent and less developed soci-
ties. Moreover, in many developed countries, health
overage is not equal; some patients (e.g. public sec-
or employees and their families) may benefit from a
hole range of possibilities, while others (e.g. those

nformally employed in the private sector) do not. It
s also clear that patients with LD should benefit from
he maximum possible help provided by the available
ealth system. LD is a rare condition which cannot be
onsidered as a public health problem (as costs are lim-
ted by the small number of affected persons), but it has

ajor consequences for patients and caregivers, and
ociety should show solidarity and provide all available
upport.

ith regards to treatment, AEDs only have a par-
ial effect on myoclonus and seizures, and there are
one that have a major influence on the progression
f cognitive and behavioral symptoms. Patients typi-
ally receive an AED, usually valproic acid, after the
rst generalized tonic-clonic seizure (GTCS). This is
sually effective in suppressing, for some time, most
TCS, the symptoms associated with photic sensi-

ivity, and some of the myoclonus. There are two
nusual effects, which should lead to an early diag-
osis of LD: first, the EEG shows rapidly increasing,
ermanent interictal changes, including focal occipital
pikes, despite the apparent clinical remission; sec-
S57

nd, the patients develop negative myoclonus, which
ecomes prominent before the more characteristic
yoclonic jerks. Other AEDs are used during this

tage: lamotrigine (LTG) is not very advisable in the
ontext of a myoclonic epilepsy, but may help tran-
iently; phenobarbital (PB) and primidone (PRM) are
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igure 12. Management of patients with LD: medical and social t

ffective, but are often used at high doses and their
ognitive effects are added to those of the condi-
ion; and levetiracetam (LEV) is increasingly used early
or adolescents with IGE, hence in LD cases, even
efore confirmation of the diagnosis. Other helpful
rugs include topiramate (TPM) and zonisamide (ZNS),
hich both have marked antimyoclonic effects in

ome patients. Additional relief can be obtained, often
ransiently, with ethosuximide, felbamate, methsux-
mide, and benzodiazepines (BZD). The latter (usually
lobazam, clonazepam, and diazepam) should be used
ith care since there is a marked initial effect followed
y quick tolerance. Finally, there have been two recent
ingle case reports of rather dramatic beneficial effects
f perampanel (Schorlemmer et al., 2013; Dirani et al.,
014), and a larger study is presently underway.

ith such a severe condition, the paradoxical aggravat-
ng effect of some AEDs may be difficult to pinpoint.
here is no evidence that carbamazepine (CBZ), oxcar-
azepine (OXC), phenytoin (PHT), eslicarbazepine,
abapentin, pregabalin, vigabatrin, or lacosamide are
f any benefit. Often, withdrawal of one of these
EDs (especially CBZ or OXC) will bring some relief.
58

owever, we have experienced cases in which sta-
us epilepticus responds well to phenytoin loading.
henytoin should not, however, be kept as mainte-
ance medication subsequent to arresting the status.
ith the progression of LD, AED treatment progresses

o polytherapy, with a combination of several of the
rugs quoted above (with the exclusion of LTG);

s
p
t
c
p
A
o

Hospitalization
Critical care

rapy
of status

ent.

he commonly used combinations are VPA+TPM or
NS or LEV, with an additional BZD, a 3- to 5-drug
ombination being fairly common; one can switch
etween BZD when tolerance occurs. In case of severe,

ransient aggravation, with serial seizures or status
pilepticus, there should be no abrupt changes to
he usual regimen (except for the interruption of

potentially aggravating AED), and IV BZD should
e used, as well as, for a limited period, IV PB or
HT. In our recent experience, the final progression
f the disease no longer includes refractory status
pilepticus, but more commonly involves non-specific
omplications, infectious or otherwise, in bedridden
nd demented patients. Thus, despite their lack of
nfluence on the overall evolution of the disease, mod-
rn AEDs have partly changed the outcome, which is
pparently no longer accompanied by severe, formerly
ften terminal, episodes of refractory convulsive status
pilepticus.
n LD, social support is at least as important as medical
reatment. Psychological support can be provided by
atient organisations and there are several which are
pecifically devoted to LD (table 2). Individual patients
Epileptic Disord, Vol. 18, Supplement 2, September 2016

hould also receive professional psychological sup-
ort during the early stages of the condition. Physical

herapy aims at maintaining a good overall muscular
ondition and at preserving ambulation, for as long as
ossible.
t the onset of seizures, patients are usually in sec-
ndary school and experiencing increasing difficulties
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Table 2. Some web-based family support organizations

Name Site/address Service

Association France-Lafora http://www.Lafora.org
16, rue Amaudrut
F- 53000 Laval

Patient organisation
Promotes self-help and research
Collects funds for research

A.I.LA. Associazione Italiana Lafora http://www.Lafora.it Patient organisation
Promotes exchanges between families
Identifies centres for diagnosis and
treatment
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B
progressing Lafora disease in four siblings with, EPM2B
mutation. Epilepsia 2005; 46: 1695-7.
Chelsea’s Hope
Lafora Children Research Fund

http://www.chelse

ith academic requirements. In order to enable them
o maintain social contacts, it is best to maintain school-
ng for as long as possible, while negotiating with
eachers about academic performance. However, this
annot be kept up for extensive periods. Some fam-
lies will choose to keep patients at home with the
est possible environment; this often requires adap-

ive measures, avoiding the use of stairs, setting up the
atient close to the bathroom, and providing 24-hour
resence at home with the help of a health profes-
ional to check medications. Other families will seek
specialized institution where patients are kept with
ther epilepsy patients in the same age group, with
ome amount of education and social activities. Re-
valuation at the specialized neurological department
an be organized at 6- or 12-month intervals, with acute
dmissions in the event of complications, often due
o intercurrent diseases (e.g. febrile infections) and/or
orsening of epilepsy.
he latter period is characterized by increasing depen-
ency as the patient becomes wheelchair bound and,

ater, bedridden. According to local availability and the
ishes and capacities of the caregivers, the patient

s maintained at home, institutionalized or hospital-
zed. There should always be a connection between
he reference specialized epilepsy team and the local
aregiving structure.

onclusion
pileptic Disord, Vol. 18, Supplement 2, September 2016

or patients with LD, the present state of possibilities
ncludes a logical, effective approach to diagnosis, and
he rational use of all available tools to help both the
atients and their families. We hope that the manage-
ent of LD patients will undergo a profound change

n the near future, when effective, pathogenetically-
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