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Abstract: Lafora disease (LD) is a genetic disease affecting beagles, resulting in seizures in combi-
nation with other signs. The aim of this study was to describe the clinical signs of LD in beagles
with different NHLRC1 genotypes. One hundred and sixty-six beagles were tested for an NHLRC1
gene defect: L/L (n = 67), N/L (n = 32), N/N (n = 67). Owners were asked to participate in a survey
about the clinical signs of LD in their dogs. These were recorded for the three possible genotypes
in the two age groups, <6 years and >6 years. In all genotypes, nearly all the signs of LD were
described. In the age group > 6 years, however, they were significantly more frequent in beagles with
the L/L genotype. If the following three clinical signs occur together in a beagle > 6 years—jerking
of the head, photosensitivity and forgetting things he/she used to be able to do—98.2% of these
dogs are correctly assigned to the L/L genotype. If one or two of these signs are missing, the correct
classification decreases to 92.1% and 13.2%, respectively. Only the combination of certain signs truly
indicates the L/L genotype. Yet, for many dogs, only genetic testing will provide confirmation of
the disease.

Keywords: NHLRC1; myoclonic; seizure; photosensitivity

1. Introduction

Lafora is a rare neurological storage disorder caused by an autosomal recessive genetic
defect and mainly manifests as myoclonic epileptic seizures [1,2]. The disease was first
described in humans in 1911, but was later found in cattle, fennec foxes, cockatiels, cats
and dogs [3-8]. In affected humans, two causative genes have been identified, the epilepsy,
progressive myoclonus type 2A and 2B (EPM2A and EPM2B) genes, which encode the
two proteins, laforin (protein tyrosine phosphatase) and malin (ubiquitin ligase) [9]. The
absence of either protein results in the formation of poorly branched, hyperphosphorylated
glycogen, which accumulates into Lafora bodies and, in this altered form, is stored in all
brain regions [9,10]. The exact mechanism of how this accumulation causes the typical
myoclonic and generalized tonic—clonic seizures is not known [9].

Lafora disease has been described in the following dog breeds: basset hound, beagle,
Chihuahua, French bulldog, Newfoundland, pointer, Welsh corgi, miniature poodle and
miniature dachshund [11-28]. The beagle seems to be the most frequently affected breed in
Germany (personal communication Kehl A, Labogen). In beagles, a repetitive sequence
of 12 nucleotides in the NHL Repeat Containing E3 Ubiquitin Protein Ligase 1 (NHLRC1;
EPM2B) gene, which has an autosomal recessive inheritance pattern, has been shown to
cause Lafora disease [20]. The clinical signs of the disease in beagles have been described
in a few individual case reports and small series as well as in a recent, more extensive
study [13,14,20,24,26,27]. Common clinical signs include spontaneous myoclonic epilepsies
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triggered by visual or auditory stimuli, generalized tonic—clonic epileptic seizures, impaired
vision and hearing, as well as mental retardation and abnormal behavior, with onset
between 6 and 13 years of age [13,14,20,24,26,27]. A multicenter study of 28 beagles
diagnosed with Lafora disease included one dog that, despite only being heterozygous
for the defect in the NHLRC1 gene, showed typical signs of the disease, contrary to what
would be expected given the assumed autosomal recessive inheritance [27].

This led to the aim of this study which was to describe the phenotypic expression of the
different NHLRC1 genotypes in a larger group of beagles and to investigate whether some
symptoms or a combination of multiple symptoms are more common in affected animals
than others to gain a more accurate picture of the disease. Based on this, it was analysed
whether the clinical signs can be used to draw conclusions about the Lafora genotype.

2. Materials and Methods

The database of a commercial laboratory for genetic testing in animals (Laboklin
GmbH & Co. KG, Bad Kissingen, Germany) was searched for beagles that were tested
between February 2018 and December 2020 for the known genetic defect in the NHLRC1
gene. The animals were included regardless of the genotype. Genetic testing was performed
via fragment length polymorphism analysis as previously described [28]. Genomic DNA
was isolated from EDTA blood using the MagNA Pure system (Roche Deutschland Holding
GmbH, Mannheim, Germany). The sequence including the dodecamer repeat expansion
was amplified by PCR using primers NHLRC1-F (5'-aggtgtgcttcgagaggttc-3') and NHLRC1-
R (5'-cccecttctetecaaactg-3'). Investigation of the presence/absence of the expansion was
carried out by gel electrophoresis. PCR product length of about 430 bp is expected in
wildtype dogs; a length between 620 bp and 700 bp is expected in homozygous mutant dogs.

However, only animals whose EDTA blood samples were submitted by veterinarians
from Germany, Austria and Switzerland were included. The submitting veterinarians were
contacted by email with a request to contact the dog owners and ask them to participate in
an online survey about the clinical signs in their dogs. If the animal owners agreed, they
were then sent the survey link (Wordpress.com survey tool, ExpressTech, Bangalore, India).

The survey consisted of the following components: questions on signalment (age, sex),
questions on the reasons for genetic testing (breeding reasons, dog showing clinical signs
suggestive of Lafora, general interest), questions on clinical signs (Table 1). The survey was
structured in a way that owners could stop answering and continue later if they were not
sure about their answers.

Table 1. Questions on clinical signs associated with Lafora disease and response options which were
provided to animal owners via online survey tool.

Question Response Options

Does your dog show the following signs of disease?
Generalized epileptic seizures: recurrent brief episodes
(1-5 min) with several of the following signs:
unconsciousness, falling over, rowing movements of the
limbs, jaw smacking, salivation, uncontrolled urination
or defaecation

yes; no; I cannot say

1 to 14 at yearly intervals; 15 or

At what age did the signs mentioned above start?
older; I cannot say

every day; several times a weekonce
a week; several times a month; once
a month; 1-2 x every six months;
once a year; highly variable
frequency; I cannot say

How often, on average, does your dog experience the
above-mentioned seizures?
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Table 1. Cont.

Question Response Options

Does your dog show the following signs of disease?

jerking of the head when a hand moves towards the dog’s

head, when the head is touched, when there is a sudden  yes; no; I cannot say
light or sound stimulus or even without a

triggering stimulus

1 to 14 at yearly intervals; 15 or

. . . 5
At what age did the signs mentioned above start? older; I cannot say

every day; several times a week;
once a week; several times a month;
once a month; 1-2 x every six
months; once a year; highly variable
frequency; I cannot say

How often, on average, does your dog experience the
above-mentioned jerks?

Does your dog show the following behavioural changes
(all the following abnormalities were asked separately)?

- sensitivity to noise

- photosensitivity

- sleepiness

- decreasing playfulness

- aggression towards people

- aggression towards animals

- staring into space

- restless pacing

- panic attacks

- anxiousness yes; no; I cannot say
- seeking attention

- loss of house training

- has forgotten things he/she used to be able to do
- difficulties learning new tasks

- problems orientating in unfamiliar surroundings
- frequent blinking

- impaired hearing

- impaired vision

- difficulties climbing stairs

- coordination problems (staggering gait)

Is your dog still alive or has your dog unfortunately died  he/she is still alive; he/she is no
or had to be put down? longer alive

For the evaluation of the data, the dogs were divided into two age groups: those
younger than 6 years at the time of the survey, which were not expected to show any signs
of Lafora disease based on previous publications, and those that were 6 years or older and
thus at the age at which Lafora disease causes clinical signs [13,14,20,24,26,27].

Statistical analyses were carried out using SPSS for Windows, version 24.0 (SPSS
Inc., IBM, Armonk, NY, USA). Categorical and nominal data are provided as absolute or
relative frequencies and were analyzed using the chi-square test and Fisher’s exact test,
respectively. The dependence of a dichotomous variable on other independent influencing
factors (predictors) was examined using the binary logistic regression model. For all tests
performed, a two-sided significance test was carried out and a p-value < 0.05 was assumed
to be statistically significant for all statistical tests.
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3. Results

In the relevant period, 622 beagles that had been tested for Lafora were identified in the
database. Of these, 557 samples were requested by veterinarians. Then, 326 veterinarians
or veterinary institutions were contacted with a request to participate in the study. Overall,
a total of 166 beagles were included in the study this way. The total response rate in relation
to the number of beagles which could potentially be included was therefore 29.8%. The
distribution of the three genotypes resulting from these patients, homozygous for the Lafora
mutation Lafora/Lafora (L/L), heterozygous for the Lafora mutation normal/Lafora (N/L)
and free of the Lafora mutation normal/normal (N/N), as well as the corresponding sex
distribution are summarized in Table 2. It cannot be excluded that some of the 67 animals
with the L/L genotype were already part of a previous study in which clinical signs were
described in 27 beagles with this genotype alone [27]. The mean age of the beagles was
4.0 years in the age group < 6 years and 10.1 years in the age group > 6 years.

Table 2. Sex distribution among the three genotypes of beagles tested for the presence of the Lafora
mutation differentiated into two age groups (1 = 166).

<6 Years of Age >6 Years of Age Total
Genotype Male Female Male Female
Lafora/Lafora 2 4 35 26 67
Normal/Lafora 4 11 9 8 32
Normal /Normal 14 22 16 15 67
total 20 37 60 49 166

Tables 3 and 4 summarize the occurrence of clinical signs in dogs with the three
different genotypes. The odds ratio, which is also included, indicates how much the risk
of having an L/L genotype increases when a particular clinical sign is present. Figure 1
shows the age at which the first epileptic seizure occurred in dogs with the three different
genotypes of Lafora. There was no difference in how often any of the clinical signs examined
occurred in dogs with the N/N and N/L genotypes, nor in the group < 6 years of age, or in
the group > 6 years of age.

Table 3. Clinical signs in beagles < 6 years of age tested for Lafora and how their occurrence increases
the risk (odds ratio) of having the L/L genotype compared to the combined group including N/L and
N/N. The percentages indicate the frequency of the sign within a genotype (n = 57, N/N, genotype
Normal/Normal; N/L, genotype Normal/Lafora; L/L, genotype Lafora/Lafora). Odds ratios are
only provided for clinical signs with significant differences between groups. The basis for calculating
percentages is the number “yes” or “no” responses for every clinical sign, whereas “I cannot say”
responses were not included in this calculation.

Odds Ratio for the
Clinical Slgn Genotype Presence of the L/L p-Value
generalized 3 0 3
tonic—clonic (8:3%) 0.0) (50.0%) 16 0.012
epileptic seizures
jerking of the 1 0 3
head (2.9%) (0%) (50.0%) 0.003
sensitivity to 1 2 2 0.084

noise (2.8%) (14.3%) (33.3%)
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Table 3. Cont.
Odds Ratio for the
Clinical Sign Genotype Presence of the L/L p-Value
photosensitivity (09/0) (0(3/0) (50%0 %) 0.001
. 3 1 4
anxiousness (8.3%) (7.7%) (66.7%) 0.003
. . 15 6 2
seeking attention (42.9%) (40.0%) (33.3%) 1.000
coordination 0 0 4
problems (0%) (0%) (66.7%) <0.001
difficulties 0 0 3 0.001
climbing stairs (0%) (0%) (50.0%) ’
frequent blinking (5.;0 %) (0.80 %) © 6.470 %) 0.001
. 2 0 2
restless pacing (5.6%) (0%) (33.3%) 0.051
staring into 2 0 1
space (5.6%) (0%) (16.7%) 0.298
. . . 1 1 2
impaired vision (3.0%) (6.7%) (50.0%) 0.026
impaired hearing (5.;0 %) (0(3/0) (50%0 %) 0.007
. 6 0 2
sleepiness (16.7%) (0%) (33.3%) 0.200
decreasing 6 1 2 0.237
playfulness (16.7%) (6.7%) (33.3%) ’
loss qf house 10 (3 1 ) 0.201
training (2.8%) (0%) (16.7%)
has forgotten 0 1 1 0.201
things (0%) (6.7%) (16.7%) ’
difficulties 0 0 5
learning new o o o 0.010
tasks (0%) (0%) (33.3%)
. 0 0 2
panic attacks (0%) (0%) (3.3%) 0.010
problems in 0 0 3
unfamiliar o o o 0.001
surroundings (0%) (0%) (50.0%)
aggression 0 1 1 0.201
towards people (0%) (0%) (16.7%) ’
aggression 3 2 2 0.163
towards animals (8.3%) (15.4%) (33.3%) ’
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Table 4. Clinical signs in beagles > 6 years of age tested for Lafora and how their occurrence increases
the risk (odds ratio) of having the L/L genotype compared to the combined group including N/L and
N/N. The percentages indicate the frequency of the sign within a genotype (1 = 109; N/N, genotype
Normal/Normal; N/L, genotype Normal/Lafora; L/L, genotype Lafora/Lafora). Odds ratios are
only provided for clinical signs with significant differences between groups. The basis for calculating
percentages is the number of “yes” or “no” responses for every clinical sign, whereas “I cannot say”
responses were not included in this calculation.

lin ) Genotype Odds Ratio for the
inical Sign Presence of the L/L p-Value
N/N N/L L/L Genotype
generalized
epitl(;;if;;;rz‘ifres (401.3%) (29.54%) (784;%) 652 <0.001
jerki}?fa?if e (13?3%) (17.36%) (986.4(1)"/0) 334.3 <0.001
Senit;ivsiety © (20%%) (09/0) (633.;%) 144 <0.001
photosensitivity (3.20 %) a1 .280 %) 8 1%20 %) 61.1 <0.001
anxiousness @ 420 %) a 8.?;30 %) (55:20 %) 4.3 0.001
seeking attention 4 61.;‘) %) (2910 %) (75%30 %) 4.6 <0.001
Cﬁfﬁﬂ?ﬁ? ! (16.57%) (17.36%) (64?.)2"/0) 88 <0.001
cliﬁgi;;hsﬁrs (232%) (17.36%) (543.2%) 74 <0.001
frequent blinking (7.50 %) a 1i0 %) (88?.,2" %) 135 <0.001
restless pacing (2130 %) a 2.250 %) 4 62.2" %) 39 0.003
Stars?ijento (272%) (13,23%) (62%%) >7 <0.001
impaired vision a 2%0 %) a 3.230 %) ( 612.30 %) 11.3 <0.001
impaired hearing a 8.55" %) . ;%) ( 401.20 %) 4.2 0.009
sleepiness (20%0 %) (12.250 %) ( 67?.);" %) 9.5 <0.001
;(;Cyﬁigi (23.73%) (11.28%) (70?3%) 103 <0.001
lostie(i)ii}ilr?; * (08/0) (5.;%) (11.75%) 0.134
hastfho;;ggost o (3.;%) (09/0) (271? %) 171 <0.001
1eiirfrfliicr$trilees§v 0 ! 15 23.6 <0.001

tasks (0%) (6.7%) (34.9%)
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Table 4. Cont.
Genotvpe Odds Ratio for the
Clinical Sign yP Presence of the L/L p-Value
N/N N/L L/L Genotype
panic attacks (02/ ) ( 613) (22120 %) 13.0 0.003
problems in 1 0 18
unfarml?ar (3.3%) (0%) (34.6%) 244 <0.001
surroundings
aggression 1 0 5 0.234
towards people (3.3%) (0%) (8.2%) ’
aggression 2 3 9 0.773
towards animals (6.9%) (18.8%) (15.0%) ’
. 18
sle]
2
T 16
s
E 14
g
2w
10
8
6
2
2
0 N
i 2 3 4 5 6 7 8 9 10 11 12

Age in years
B Normal/Normal Normal/Lafora M Lafora/Lafora

Figure 1. Age at which the first generalized tonic—clonic epileptic seizure occurred in beagles of the
three different genotypes of Lafora (n = 71).

Performing a multiple logistic regression analysis shows that 83.1% of the variabil-
ity between the genotypes N/N plus N/L and L/L can be explained by the following
10 parameters: age group (<6 years; >6 years), generalized tonic—clonic epileptic seizures,
jerking of the head, photosensitivity, seeking attention, coordination problems, difficulties
climbing stairs, impaired hearing, has forgotten things he/she used to be able to do and
panic attacks. By reducing the influencing factors to three (jerking of the head, photosensi-
tivity, has forgotten things he/she used to be able to do), the number of cases that could be
included increased from n = 132 to nn = 156. The results of the multiple logistic regression
analysis if those three factors are used are summarized in Tables 5 and 6. If one of the three
signs is missing, the correct assignment to the L/L genotype ranges from 92.1% to 95.9%.
If only one of the three signs is present, the correct assignment drops to 13.2% to 68.9%,
depending on which sign remains. Overall, the correct prediction of L/L or N/N plus N/L
for beagles > 6 years of age using the three factors: jerking of the head, photosensitivity,
has forgotten things he/she used to be able to do, is 92.1%.
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Table 5. Results of the multiple logistic regression analysis to predict assignment to the genotype L/L
or L/N + N/N using the combination of the three clinical signs provided in the table for all dogs
together n = 156). The odds ratios refer to the odds of having the genotype L/L (1 = 63).

Selection of Regression Value Odds Ratio Correct Assignment Correct Assignment to
Clinical Signs Coefficient P to Genotype L/L Genotype N/L + N/N
jerking of the head 3.480 0.000 32.4
photosensitivity 2222 0.008 9.2
has forgotten 93.7% 91.4%
things he/she used 2.029 0.008 7.6
to be able to do

Table 6. Results of the multiple logistic regression analysis to predict assignment to the genotype L/L
or L/N + N/N for dogs > 6 years of age using the combination of the three clinical signs provided in
the table (n = 101). The odds ratios refer to the odds of having the genotype L/L (1 = 657).

Selection of Regression Value Odds Ratio Correct Assignment Correct Assignment to
Clinical Signs Coefficient P to Genotype L/L Genotype N/L + N/N
jerking of the head 4332 0.000 76.1
photosensitivity 1.979 0.023 7.2
has forgotten 9820/0 8410/0
things he/she used 2.676 0.108 0.6
to be able to do

4. Discussion

The aim of the study was to describe the phenotypic expression of the different
NHLRC1 genotypes in a larger group of beagles, and based on this, to analyze whether
the Lafora genotype can be inferred from the clinical signs. It has been shown that the
combination of the three signs jerking of the head, photosensitivity and forgetting things
he/she used to be able to do allow for the patient to be assigned to the L/L genotype with a
probability of 99.4% if the patient is at least 6 years old at the time of testing. However, the
absence of one or even more of these three signs does not completely rule out that the L/L
genotype is present. The L/L genotype was always compared with the genotypes N/L and
N/N as a whole, since a clinical distinction between the latter two genotypes could not
be derived from the data in this study. It is therefore possible to predict the L/L genotype
with a high degree of probability in beagles which are at least 6 years of age, but it cannot
be deduced whether they are only heterozygous carriers of the genetic defect. Thus, for the
final determination of the genotype, a DNA test will always be required.

In an earlier study, it was noticed that the typical signs of Lafora disease were also
present in a heterozygous beagle [27]. This was surprising, as it was not expected that a het-
erozygous patient would show clinical signs of the disease, given the autosomal recessive
inheritance [1,2]. The question was, therefore, raised as to whether additional, previously
unknown genetic or environmental factors could influence the clinical expression of Lafora
disease, as had already been discussed in the case of an affected human family [29]. And
indeed, in the present study, such typical signs of Lafora were also described in beagles
with the N/L genotype. Yet, the same was also true for beagles with the N/N genotype,
even in the group under 6 years of age, when the disease in beagles is not yet clinically
expressed [13,14,20,24,26,27].

A major weakness of this study is that concomitant diseases were not captured by the
questionnaire. It is possible that some clinical signs observed by the owners were caused by
other orthopedic or neurological diseases. Specifically, restless pacing, staring into space,
lack of coordination, reduced vision, especially when seen in combination with seizures,
can be, amongst others, manifestations of intracranial neoplasia, which are frequently
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seen in older dogs [30]. Structural epilepsy is the major differential diagnosis for dogs
developing seizures after 5 years of age [31]. In addition, difficulties going up stairs and
coordination problems could have been caused by chronic spinal cord diseases such as
Hansen type Il intervertebral disc disease or peripheral nerves system pathologies. That
could have specifically influenced the owners” observations in Beagles in the age group
above 6 years. Another weakness of the present study is that the assessment of clinical
signs was only based on the subjective opinion of the animal owners. It has to be assumed
that most of the animal owners were aware of the clinical signs of Lafora disease, since they
had intentionally tested their dog. Knowledge about the disease may well have influenced
their perception of the signs and symptoms. One reason why this is particularly likely
is that there was no difference in how the typical signs of Lafora were perceived in dogs
with the N/L and N/N genotypes. As such, it may be difficult for an animal owner to
distinguish between the presence of Lafora disease and an asymptomatic carrier or a dog
that is free of the genetic defect only by looking at individual signs. However, an alternative
explanation for the observation of clinical signs of Lafora disease by owners of dogs with
the N/L and N/N genotype who were 6 years or older could be that some of the signs,
such as forgetting things he/she used to be able to do, coordination disorders, loss of house
training, decreasing playfulness, etc., result from normal ageing or are an expression of
cognitive dysfunction which occurs in older age [32,33].

Similarly, the occurrence of generalized, tonic—clonic epileptic seizures is only of
limited help in distinguishing between the three genotypes L/L, N/L and N/N. It is true
that L/L animals which are at least 6 years of age suffer from epileptic seizures 6.5 times
more often, but animals of the other two genotypes also suffer from these seizures (Table 4,
Figure 1). There is, however, a difference between these genotypes regarding the age of
onset of seizures. Dogs with the L/L genotype mainly seem to develop seizures at the age
of six years with the onset of clinical signs of Lafora disease, whereas dogs with the N/N
genotype may suffer from seizures as early as one year of age; but these seizures are more
likely to be manifestations of idiopathic epilepsy, for which beagles are predisposed [34].
The few beagles with the L/L genotype that presented with generalized tonic—clonic
epileptic seizures before 6 years of age may be animals that had developed idiopathic
epilepsy at an early age and later developed additional signs of Lafora disease due to their
genetic defect, although it cannot be completely ruled out that epileptic seizures are an early
manifestation of Lafora disease and precede the other signs [32,33]. Alternatively, it has
to be considered that clinical signs of Lafora in Beagles start much earlier than previously
reported, but owners do not recognize those before they become more severe. The latter
could be supported by the owner’s observation of several other clinical signs that were
seen more frequently in a few beagles with the L/L genotype in comparison to N/N
and L/N Beagles taken together in the age group < 6 years such as: jerking of the head,
photosensitivity, anxiousness, coordination problems, frequent blinking, impaired vision,
difficulties learning new task and others.

In summary, it can be said that the combination of the three clinical signs jerking of
the head, photosensitivity and forgetting things he/she used to be able to do allow the
assignment of a patient to the L/L genotype with a probability of 99.4%, but that there is
considerable overlap of the clinical signs in the three genotypes so a reliable assignment,
especially of the N/N and N/L genotypes, always requires a genetic test.

Author Contributions: Conceptualization and methodology: T.F, C.D., A.K. and E.M,; software: T.F.
and A.H.; formal analysis: T.E,, L.L.-D. and ].D.; investigation: ].D., C.D. and I.L.-D.; data curation:
T.E, C.D. and A.H.; writing—original draft preparation: T.F,, ].D., A.H. and C.D.; writing—review
and editing: T.F,, C.D., AK,, ].D., LL.-D. and E.M.; supervision: T.F,; project administration: T.E.,, C.D.
and E.M. All authors have read and agreed to the published version of the manuscript.

Funding: The APC was supported by the Open Access Publishing Fund of Leipzig University.
Statistical analysis and translation of the manuscript into English language was supported by Laboklin
GmbH & Co. KG.



Genes 2024, 15, 122 10 of 11

Institutional Review Board Statement: Data collection was carried out in accordance with the
General Data Protection Regulation 2016/679 of the European Parliament. This research project was
approved by the Ethics Committee of the Faculty of Veterinary Medicine at Leipzig University (EK
12/2021).

Informed Consent Statement: Not applicable.
Data Availability Statement: Data are available on request due to privacy restrictions.

Acknowledgments: We would like to express our sincere thanks to all the colleagues and animal
owners who supported us in conducting this study. We hope you understand that it is not possible to
mention these several hundred people by name here.

Conflicts of Interest: The authors Christine Dirauf, Alexandra Kehl, Ines Langbein-Detsch and
Elisabeth Miiller work for the company Laboklin GmbH & Co. KG, a commercial laboratory which
performs, amongst others, genetic tests for Lafora disease. The database of Laboklin was used to
conduct this study. In addition, Laboklin financially supported the statistical analysis as well as the
translation of the manuscript into English.

References

1.

i

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Minassian, B.A.; Lee, ].R.; Herbrick, J.A.; Huizenga, ].; Soder, S.; Mungall, A.].; Dunham, I.; Gardner, R.; Fong, C.Y.; Carpenter, S.;
et al. Mutations in a gene encoding a novel protein tyrosine phosphatase cause progressive myoclonus epilepsy. Nat. Genet. 1998,
20, 171-174. [CrossRef] [PubMed]

Franceschetti, S.; Gambardella, A.; Canafoglia, L.; Striano, P.; Lohi, H.; Gennaro, E.; lanzano, L.; Veggiotti, P; Sofia, V.; Biondi, R,;
et al. Clinical and genetic findings in 26 Italian patients with Lafora disease. Epilepsia 2006, 47, 640-643. [CrossRef] [PubMed]
Lafora, G.R.; Gliick, B. Beitrag zur Histopathologie der myoklonischen Epilepsie. Z. Fiir Die Gesamte Neurol. Und Psychiatr. 1911,
6, 1-14. [CrossRef]

Honnold, S.P,; Schulman, FY.; Bauman, K.; Nelson, K. Lafora’s-like disease in a fennec fox (Vulpes zerda). ]. Zoo Wildlife Med. 2010,
41, 530-534. [CrossRef] [PubMed]

Britt, J.O.; Paster, M.B.; Gonzales, C. Lafora body neuropathy in a cockatiel. Comp. Anim. Pract. 1989, 19, 31-33.

Hall, D.G; Steffens, W.L.; Lassiter, L. Lafora bodies associated with neurological signs in a cat. Vet. Pathol. 1998, 35, 218-220.
[CrossRef]

Simmons, M.M. Lafora in the cow? J. Comp. Path. 1994, 110, 389-401. [CrossRef]

Sainsbury, R. DNA screening for Lafora’s disease in miniature wire-haired dachshunds. Vet. Rec. 2014, 175, 568. [CrossRef]
Turnbull, J.; Tiberia, E.; Striano, P.; Genton, P; Carpenter, S.; Ackerley, C.A.; Minassian, B.A. Lafora disease. Epileptic Disord. 2016,
19, 38-62. [CrossRef]

Minassian, B.A. Lafora’s disease: Towards a clinical, pathologic, and molecular synthesis. Pediatr. Neurol. 2001, 25, 21-29.
[CrossRef]

Ahonen, S.; Seath, I.; Rusbridge, C.; Holt, S.; Key, G.; Wang, T.; Wang, P.; Minassian, B.A. Nationwide genetic testing towards
eliminating Lafora disease from miniature wirehaired dachshund in the United Kingdom. Can. Genet. Epidemiol. 2018, 5, 2.
[CrossRef] [PubMed]

Swain, L.; Key, G.; Tauro, A.; Ahonen, S.; Wang, P.; Ackerley, C.; Minassian, B.A.; Rusbridge, C. Lafora disease in miniature
wirehaired dachshunds. PLoS ONE 2017, 12, e0182024. [CrossRef]

Alisauskaite, N.; Beckmann, K.; Dennler, M.; Zolch, N. Brain proton magnetic resonance spectroscopy findings in a beagle dog
with genetically confirmed Lafora disease. J. Vet. Intern. Med. 2020, 34, 1594-1598. [CrossRef] [PubMed]

Bartl, K.; Kershaw, O.; Gruber, A.D.; Deutschland, M. Lafora disease in a beagle—Diagnosis and therapy. Tierirztl. Prax. Klein-Und
Heimtiere 2020, 48, 361-364.

Kehl, A.; Cizinauskas, S.; Langbein-Detsch, I.; Mueller, E. NHLRC1 dodecamer expansion in a Welsh corgi (Pembroke) with
Lafora disease. Anim. Gen. 2019, 50, 412-414. [CrossRef]

Riera-Ruiz, N.; Lopez-Beltran, M.; Morales-Moliner, C.; Montoliu-Stevers, P. Progressive myoclonic epilepsy in two French
Bulldogs. Clin. Vet. Peq. Anim. 2018, 38, 255-259.

Von Klopmann, T.; Matiasek, K.; Rupp, S.; Tassani-Prell, M.; Rosati, M.; von Klopmann, C. Myoclonus epilepsy in French bulldogs-
another breed suffering from Lafora’s disease. J. Vet. Intern. Med. 2020, 34, 467.

Barrientos, L.; Maiolini, A.; Hani, A.; Jagannathan, V.; Leeb, T. NHLRC1 dodecamer repeat expansion demonstrated by whole
genome sequencing in a Chihuahua with Lafora disease. Anim. Gen. 2018, 50, 112-119. [CrossRef]

Espadas, I.; Minassian, B.; Wang, P.; Ahonen, S.; Sanchez-Masian, D. Canine Lafora disease in the Chihuahua breed. J. Vet. Int.
Med. 2020, 34, 486.

Hajek, I; Kettner, F.; Simerdova, V.; Rusbridge, C.; Wang, P.; Minassian, B.A.; Palus, V. NHLRC1 repeat expansion in two beagles
with Lafora disease. J. Small. Anim. Pract. 2016, 57, 650-652. [CrossRef]

Lohi, H.; Young, E.J.; Fitzmaurice, S.N.; Rusbridge, C.; Chan, EM.; Vervoort, M.; Turnbull, J.; Zhao, X.-C.; Ianzano, L,;
Paterson, A.D.; et al. Expanded repeat in canine epilepsy. Science 2005, 307, 81. [CrossRef] [PubMed]


https://doi.org/10.1038/2470
https://www.ncbi.nlm.nih.gov/pubmed/9771710
https://doi.org/10.1111/j.1528-1167.2006.00479.x
https://www.ncbi.nlm.nih.gov/pubmed/16529633
https://doi.org/10.1007/BF02863929
https://doi.org/10.1638/2009-0090.1
https://www.ncbi.nlm.nih.gov/pubmed/20945656
https://doi.org/10.1177/030098589803500307
https://doi.org/10.1016/S0021-9975(08)80316-7
https://doi.org/10.1136/vr.g7417
https://doi.org/10.1684/epd.2016.0842
https://doi.org/10.1016/S0887-8994(00)00276-9
https://doi.org/10.1186/s40575-018-0058-8
https://www.ncbi.nlm.nih.gov/pubmed/29610669
https://doi.org/10.1371/journal.pone.0182024
https://doi.org/10.1111/jvim.15799
https://www.ncbi.nlm.nih.gov/pubmed/32418279
https://doi.org/10.1111/age.12795
https://doi.org/10.1111/age.12756
https://doi.org/10.1111/jsap.12593
https://doi.org/10.1126/science.1102832
https://www.ncbi.nlm.nih.gov/pubmed/15637270

Genes 2024, 15, 122 11 of 11

22.

23.
24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Rusbridge, C.; Fitzmaurice, S.N.; Lohi, H.; Young, E.J.; Minassian, B.A. Treatment of Lafora disease (inherited myoclonic epilepsy
in dogs. J. Vet. Intern. Med. 2005, 19, 289-290.

Holland, ].M.; Davis, W.C.; Prieur, D.J.; Collins, G.H. Lafora’s disease in the dog. Am. J. Pathol. 1970, 58, 509-529.

Gredal, H.; Berendt, M.; Leifsson, P.S. Progressive myoclonus epilepsy in a beagle. J. Small Anim. Pract. 2003, 44, 511-514.
[CrossRef] [PubMed]

Whitenack, D. Neuronal glycoproteinosis (Lafora’s disease) in the dog. Proc. Am. Assoc. Vet. Lab. Diagn. Madison Wis.
1978, 493-496.

Demeny, H.; Flora, B.; Tabaran, F.; Danciu, C.G.; Ognean, L. EEG patterns orienting to Lafora disease diagnosis—A case report in
two Beagles. Front. Vet. Sci. 2020, 7, 589430. [CrossRef]

Flegel, T.; Kornberg, M.; Muehlhause, F.; Neumann, S.; Fischer, A.; Wielaender, F.; Konig, F.; Pakozdy, A.; Quitt, P.R.; Trapp,
A.M_; et al. A retrospective case series of clinical signs in 28 Beagles with Lafora disease. J. Vet. Intern. Med. 2021, 35, 2359-2365.
[CrossRef]

Mari, L.; Comero, G.; Mueller, E.; Kuehnlein, P.; Kehl, A. NHLRC1 homozygous dodecamer expansion in a Newfoundland dog
with Lafora disease. J. Small. Anim. Pract. 2021, 62, 1030-1032. [CrossRef]

Gomez-Abad, C.; Afawi, Z.; Korczyn, A.D.; Misk, A.; Shalev, S.A ; Spiegel, R.; Lerman-Sagie, T.; Lev, D.; Kron, K.L.; Gomez-Garre,
P; et al. Founder effect with variable age at onset in Arab families with Lafora disease and EPM2Amutation. Epilepsia 2007,
48,1011-1014. [CrossRef]

Bagley, R.S.; Gavin, P.R.; Moore, M.P. Clinical signs associated with brain tumors in dogs: 97 cases (1992-1997). J. Am. Vet. Med.
Assoc. 1999, 215, 818-819. [CrossRef]

Bagley, R.S.; Gavin, PR. Seizures as a complication of brain tumors in dogs. Clin. Tech. Small Anim. Pract. 1998, 13, 179-184.
[CrossRef] [PubMed]

Milgram, N.W.; Head, E.; Weiner, E.; Thomas, E. Cognitive dysfunction and aging in the dog; acquisition of nonspatial visual
tasks. Behav. Neurosci. 1994, 108, 57-68. [CrossRef] [PubMed]

Siwak, C.T.; Tapp, P.D.; Milgram, N.W. Effect of age and level of cognitive function on spontaneous and exploratory behaviours
in the Beagle dog. Learn. Mem. 2001, 8, 317-325. [CrossRef] [PubMed]

Bellumori, T.P.; Famula, T.R.; Bannasch, D.L.; Belanger, ] M.; Oberbauer, A.M. Prevalence of inherited disorders among mixed-
breed and purebred dogs: 27,254 cases (1995-2010). J. Am. Vet. Med. Assoc. 2013, 242, 1549-1555. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1111/j.1748-5827.2003.tb00113.x
https://www.ncbi.nlm.nih.gov/pubmed/14635965
https://doi.org/10.3389/fvets.2020.589430
https://doi.org/10.1111/jvim.16255
https://doi.org/10.1111/jsap.13396
https://doi.org/10.1111/j.1528-1167.2007.01004.x
https://doi.org/10.2460/javma.1999.215.06.818
https://doi.org/10.1016/S1096-2867(98)80039-X
https://www.ncbi.nlm.nih.gov/pubmed/9775508
https://doi.org/10.1037/0735-7044.108.1.57
https://www.ncbi.nlm.nih.gov/pubmed/8192851
https://doi.org/10.1101/lm.41701
https://www.ncbi.nlm.nih.gov/pubmed/11773431
https://doi.org/10.2460/javma.242.11.1549

	Introduction 
	Materials and Methods 
	Results 
	Discussion 
	References

