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Epilepsy is the most common neurologic disease in dogs and many forms are considered to have a
genetic basis. In contrast, some seizure disorders are also heritable, but are not technically defined as
epilepsy. Investigation of true canine epilepsies has uncovered genetic associations in some cases,
however, many remain unexplained. Gene mutations have been described for 2 forms of canine
epilepsy: primary epilepsy (PE) and progressive myoclonic epilepsies. To date, 9 genes have been
described to underlie progressive myoclonic epilepsies in several dog breeds. Investigations into genetic
PE have been less successful, with only 1 causative gene described. Genetic testing as an aid to diagnosis,
prognosis, and breeding decisions is available for these 10 forms, Additional studies utilizing genome-
wide tools have identified PE loci of interest; however, specific genetic tests are not yet developed. Many
studies of dog breeds with PE have failed to identify genes or loci of interest, suggesting that, similar to
what is seen in many human genetic epilepsies, inheritance is likely complex, involving several or many
genes, and reflective of environmental interactions. An individual dog's response to therapeutic
intervention for epilepsy may also be genetically complex. Although the field of inherited epilepsy
has faced challenges, particularly with PE, newer technologies contribute to further advances.
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Introduction

Epilepsy is the most common chronic neurologic disorder in
dogs, reported at a prevalence of between 0.5% and 5% in a
nonreferral population,' and humans, where it is estimated to
affect 1%-3% of the population.* However, epilepsy is not a single
disease but a group of disorders characterized by a broad array of
clinical signs, age of onset, and underlying causes. The Interna-
tional League Against Epilepsy classifies human epilepsies and
defines terminology for the various etiologies; these terminologies
are as follows: (1) genetic (or primary), (2) structural/metabolic
(including symptomatic), and (3) unknown, in which the mecha-
nistic basis is not yet elucidated.® The proposed canine classifica-
tion for epilepsy is a slight modification of that by the
International League Against Epilepsy: (1) primary/genetic epi-
lepsy (often termed “idiopathic” epilepsy), (2) structural epilepsy
(symptomatic epilepsies resulting from structural brain abnormal-
ities), (3) reactive seizures (symptomatic epilepsies resulting from
metabolic or toxic abnormalities), and (4) unknown. Some epi-
lepsies bridge these categories; for example, genetic mutations
may be the cause of a metabolic abnormality that results in
epilepsy. Owing to clinical presentation, these epilepsies are still
classified as metabalic, despite the genetic cause of their disorder.
When chronic, recurring seizures occur and no underlying abnor-
mality is detected, the syndrome is classified typically as primary
epilepsy (PE) and presumed to be genetically regulated. Indeed, in
humans, primary (or idiopathic) epilepsy is generally accepted to
have an underlying genetic origin.*

Genetic epilepsies have been studied extensively in humans
and mice, and, although an in-depth review of these species has
not been undertaken in this article, it is worth noting that many

parallels exist between syndromes in humans, mice, and dogs. In
humans, genes underlying several rare, monogenic mendelian
genetic epilepsies have been identified. Many are categorized as
“ion channelopathies,” with mutations in genes encoding sodium,
calcium, potassium, and chloride ion channels. Causal mutations
have also been observed in other genes involved in neuronal
signaling, including neurotransmitter receptor genes, such as
gamma-aminobutyric acid receptors or acetylcholine receptors. A
small number of non-ion channel genes, previously unknown to be
involved in the neural system, have also been implicated. Additional
details on these known human genetic epilepsy mutations can be
found in reviews.* ' Despite these discoveries, most of the human
genetic epilepsies remain unsolved at the molecular level, and
although most appear to have a strong genetic basis, their inher-
itance patterns are complex, with many contributing genetic and
environmental factors. Greater than 95% of human non-mendelian
epilepsies appear to be complexly inherited." Genome-wide inves-
tigations have failed to uncover major regulatory loci suggesting that
the underlying cause includes both rare and common allele variants
each contributing small effects that may confer risk or protection for
epilepsy.'” Great interest exists to identify casual mutations to
reduce the risk of epilepsy or inform and improve therapies.
Dozens of epileptic mouse models exist, each representing
different causative mutations. A few represent spontaneous muta-
tions, though most have been engineered intentionally.'*' As is
the case for humans, many of these are ion channels genes,
although non-ion channel genes can also underlie single gene
murine epilepsy. For complexly inherited epilepsy, the epilepsy-
like mouse strain suffers seizures in response to physical stimuli,
such as moving a mouse from one cage to another.” The epilepsy-
like mouse exhibits a polygenic complex phenotype and has at
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Table 1
Seizure Characteristic in Breeds With Clinical Descriptions of Potentially Inherited Primary Epilepsy
Breed” Seizure Characteristics Age of Onset Genetic Basis Sex Influence References
Australian shepherd Generalized, some with focal onset, some  Under 5y Hereditary basis Bias toward 30
with secondary generalization males
Beagle Partial and generalized 1y minimum Significant sire effect Bias toward 31
males
Belgian Shepherd Most focal onset, some with secondary Mean of 3.3y Simple mendelian, likely autosomal No bias 26
generalization
Belgian Shepherd Generalized Mean of 4y Polygenic No bias 32
Belgian Tervueren  Not reported Widely variable  Hereditary basis, single-locus models not adequate No bias 33
to explain
Belgian Tervueren  Not reported Not reported Suspected single locus of large effect, with complex No bias 34
pattern of inheritance
Belgian Tervueren  Generalized Not reported Polygenic No bias 35
and Sheepdog
Bernese Mountain ~ Most generalized 1-3y Polygenic autosomal recessive, sex modified Bias toward 36
Dog males
Border Collie Generalized, many with initial focal onset  Under 5y Autosomal recessive or more complex and No bias 37
resembling recessive
Dalmatian Most partial onset with secondary 3y Not determined Slight bias 38
generalization toward
females
English Springer Partial and generalized Under 6y Partially penetrant autosomal recessive or polygenic No bias 39
Spaniel
German Shepherd  Not reported 1-2y Sire effect and affected dogs more inbred Bias toward 40
Dog (British males
Alsatian)
Golden Retriever Most generalized 1-3y Polygenic autosomal recessive Bias toward 41
males
Irish Wolfhound Generalized Under 3y Incompletely penetrant recessive, with sex Bias toward 42
predilection males
Keeshond Not reported 1y minimum Hereditary basis Bias toward 43
males
Keeshond Not reported Not reported Suspected single autosomal recessive No bias 44
Labrador Retriever ~ Most generalized with possible partial cnset 1-3y Polygenic autosomal recessive No bias 45
Labrador Retriever  Partial and generalized Under 4y Not determined No bias 46
Lagotto Romagnole  Varies, with some simple focal and others  5-9 wks, Autosomal recessive, with possible incomplete No bias 24
complex focal or secondarily generalized remitting by 4 mo penetrance and ~ 7% diseased with heterozygosity
of age
Petit Basset Griffon Most focal onset, some with secondary Mean of 2.2y Likely hereditary basis owing to clustering within ~ No bias 47
Vendeen generalization litters
Schipperke Partial and generalized Mean of 4.4y Not determined Not reported 48
Standard Poodle Most partial enset with secondary 3y Not determined No bias 38
generalization
Standard Poodle Most partial onset, with occasional Under 7.5y Simple autosomal recessive, with complete or No bias 49
secondary generalization nearly complete penetrance
Vizsla Partial and generalized 1-3y Autosomal recessive, possibly polygenic No bias 50

* Breeds listed are those described in the literature possessing a clinical picture consistent with PE. The most specific speculated or known mode of inheritance provided
by the reference publication is provided

Lafora disease in the miniature wirehaired Dachshund.®® This
autosomal recessive disease is the result of a biallelic expansion
of a dodecamer repeat in the EPMZB gene, Lafora disease is also
observed in humans and mutations have been described in the
laforin (EPM2A) gene®® and the malin gene, (NHLRCI, also called
EPM2B),%7%3 the latter being orthologous to the gene mutated in
miniature wirehaired Dachshunds. Lafora disease is characterized
by histopathologic changes consisting of intracellular Lafora

bodies in multiple tissues, including brain, muscle, liver, and
heart."®* This is a clear demonstration of mutations in the same
gene creating similar disease in different species. In another breed,
a case report described Lafora disease in a single Beagle, although
the presence of the expansion mutation was not assessed.”’
Most successful have been the investigations of neuronal
ceroid-lipofuscinoses (NCLs) for which 8 genes have been identi-
fied, all with autosomal recessive inheritance (summarized in
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markers dispersed throughout the entire genome. Finally, GWA
studies use the dense, inherent variability ({single nucleotide
polymorphisms [SNPs]} in the genome to compare the DNA of
cases and controls, The alleles defined by the SNPs or the genetic
markers are used to determine whether 1 allele occurs more often
in cases than in controls, thereby indicating the genetic region
associated with that allele is involved in disease expression.

One candidate gene study focused on genes already known to
be involved in human or murine genetic epilepsy.” The hypoth-
esis for the study was that a founder effect in the breeds would
enable linkage or association detection. Fifty-two genes, predom-
inantly for jon channels and neurotransmitter receptors, were
evaluated in Beagle, Greater Swiss Mountain Dog, English Springer
Spaniel, and Vizsla families. Despite the number of genes and dogs
assessed, no major associations or linkages to PE were uncovered
in any of the breeds and the plausible candidate genes were
essentially ruled out.

Although the Collie breed is not reported to have a high
prevalence of inherited PE, the well-known mutation in the ABCB1
gene (also known as the MDR1 or multidrug resistance 1 gene,
originally described in Collies sensitive to ivermectin’) was
recently investigated for an association with epilepsy in that
breed.” Of the 29 Collies with PE, 48% were homozygous for the
ABCB1 mutation, 38% were heterozygous for the mutation, and
only 14% were homozygous for the wild-type allele. Interestingly,
those homozygous for the mutation had significantly improved
seizure outcome (defined as having <1 seizure per month and no
cluster seizures while being maintained on at least 1 antiepileptic
drug [AED]) compared with the heterozygous dogs or dogs that
were homozygous for the wild-type allele. A similar study of
Australian shepherds®® examined the ABCBI mutation in 50 PE
cases and 50 controls and found that 22% of the cases and 18% of
the controls were heterozygous for the ABCB1 mutation, whereas
2% of both groups were homozygous for the mutation, indicating
no significant association between the mutation and PE. Further,
the ABCB1 genotype was unrelated to the age at the onset of
seizures, clinical course, remission, or seizure control with AEDs in
the Australian shepherd. The significance of these genotypic
findings as an aid in epilepsy prognosis, though intriguing,
remains uncertain; further investigations with additional Collies
and Australian shepherds, and inclusion of other breeds with the
ABCB1 mutation such as the Border Collie, are warranted.

Another candidate gene study examined a previously published
38-base pair variable number tandem repeat (VNTR) in the
dopamine transporter gene in epileptic Belgian Malinois.”” The
VNTR is either present as a single copy or as 2 copies, with
the single copy being less common within the breed. Though the
number of PE-affected Belgian Malinois was small (n = 5), all
were homozygous for the single copy. In addition, Belgian Mali-
nois with at least 1 copy of the single VNTR had an increased
frequency of loss of responsiveness to environmental stimuli (such
as the dogs' eyes “glazing over”), which could be a clinical
manifestation of a focal seizure or an absence seizure. These
findings are preliminary and must be replicated in a large cohort
of dogs. The fact that a few dogs that were homozygous for the
single dopamine transporter VNTR did not have seizures implies
that this type of epilepsy in Belgian Malinois is likely caused by
more than 1 gene; indeed, a GWA study (described later) has
identified a second associated chromosomal locus.

The advent of high-density SNP arrays used in GWA studies are
valuable for complex trait assessment, although those conducted
for PE using the newer arrays in multiple breeds have met with
mixed success, underscoring once again the multifactorial nature
of the disease. Early linkage studies identified tentative loci
associations to several genomic regions associated with PE in the
Belgian Shepherd.** One of the loci identified was corroborated by

results obtained from a CWA study that identified in Belgian
Shepherd dogs a novel PE locus on Canis familiaris chromosome
(CFA) 37 (canine chromosome 37); the locus was confirmed in a
replication cohort.”® A highly associated nonsynenymous CFA37
variant was identified in the ADAM23 gene, and homozygosity for
2 separate SNPs within this gene resulted in a high risk for
epilepsy. The gene product of ADAM23 interacts with proteins
LGIT and LGI2, the latter of which has already been associated
with PE in Lagotto Romagnolos (described earlier). This locus may
also be associated with epilepsy in the Kromfohrlinder and the
Whippet, although these breeds require confirmation in a larger
cohort. The variant, however, is not pathogenic based on predicted
changes to protein structure, therefore, this is not a causative
mutation. Further work, including targeted resequencing of the
locus, is being undertaken.

Other GWA studies of PE have identified suggestive loci. For
example, in Schipperkes, 2 loci were identified on CFA 26 and 31,
which were tentatively associated with PE.*® The Australian
shepherd has likewise been studied in a GWA study, and associ-
ations were initially found to CFA19 (genome-wide significant)
and CFA1 (slightly less significant).”® Replication cohorts ulti-
mately could not confirm the CFA19 association, but did improve
the CFA1 locus' significance slightly. Combined with the ABCBI
data mentioned earlier, these results suggest that PE in Australian
shepherds is genetically complex, with several loci involved in the
eticlogy. Other GWA studies have mapped PE loci to several
different chromosomes for various breeds, but specific mutations
have not yet been described.

Unfortunately, many GWA studies investigating canine PE
remain unpublished because results failed to achieve genome-
wide significance and do not identify any associated loci. This is
true for earlier genome-wide linkage studies and candidate gene
studies as well. Studies using fewer markers may have failed to
detect PE loci or all involved loci owing to lack of depth of
coverage. The fact that newer, high-density SNP arrays used in
recent studies also fail to uncover significant associations suggests
that many canine PEs are oligogenic or polygenic, not unlike what
has been observed in human PEs.

Pharmacogenetic Investigations of Canine PE

Parallel with the search for disease-causing epilepsy mutations,
studies have been undertaken to investigate the genetic response
to drugs and AED resistance in PE cases. For example, the ABCBI
gene (described earlier) has been examined in Border Collies with
PE. Affected Border Collies are often poorly controlled with AEDs,
and resistance develops in up to 71% of cases.’” A recent study
determined that a sequence variation in the ABCBI promoter
region (not the ivermectin sensitivity mutation found in exon 4)
was associated with drug responsiveness in this breed®!; this may
indicate that expression of this gene could influence a dog's
reaction to AEDs. Another study examined Australian shepherds
with PE for the actual ivermectin sensitivity mutation (ABCBI
genotype) and seizure control, but they did not establish an
association.” Finally, a study examining the ABCB! genotype in
Collies exhibiting PE observed that dogs homozygous for the
ABCB1 mutation received a reduced AED regimen than did
the other 2 genotypes™; specifically, the dogs homozygous for
the mutation, 93%, were given 1 AED, whereas the remaining 7%
received 2 AEDs; the dogs that were heterozygous for the
mutation or homozygous normal, were on 1 AED (40%), 2 AEDs
(53%), or 3 AEDs (1 dog). Doses of phenobarbital did not differ
significantly between genotypes; however, for those dogs receiv-
ing bromide, the dose was significantly lower in dogs homozygous
for the mutation compared with the other 2 genotypes. Similar
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abnormalities. Practitioners can advocate for improved definition
of canine epileptic syndromes, and research directed at unifying
the diagnostic criteria would aid genetic researchers. Although it is
impractical for most canine PE patients to undergo EEG evaluation,
perhaps there exist metabolic markers that reflect a particular EEG
profile that could improve classification of the PE condition.
Similarly, it would be ideal for dogs classified as unaffected to
undergo EEG to verify normality before being included in genetic
studies as controls. One recent review’! points out that there has
been a tendency to include reactive seizures in “case” groups of
dogs with PE, which may falsely inflate prevalence rates, and
would certainly affect the success of genetic investigations. For
example, Arrol et al.'™ recently examined 136 dogs whose first
seizure occurred before 1 year of age, Ultimately, 75% were
diagnosed with PE, while 17% were diagnosed with symptomatic
epilepsy, 7% with reactive, nonepileptic seizures, and 2 dogs were
considered probable symptomatic. This underscores the need for
specialized veterinarian diagnosis to prevent bias in classifying a
dog as having PE in juvenile-onset canine seizures.

Because inherited canine seizure disorders exist that cannot be
described as true epilepsy, it is essential for the practitioner to
consider the breed presenting with seizures and the patient’'s
clinical signs to discern how the seizure or seizurelike disorder
should be treated. This would guide decision making as to
whether or not genetic testing is appropriate, if the patient should
be treated with AEDs, or if other, or any, therapies will favorably
alter the course of disease.

The slow progress in identifying canine PE genes suggests that,
Just as in humans and some mouse models, epilepsy may present
a much more complex genetic picture than originally hypothe-
sized. The data to date indicate that the genetic risk for epilepsy is
complex, including interaction between multiple genes and envi-
ronmental factors. Variants may contribute small effects, and
likely include both susceptibility and protective alleles. Canine
studies would move in the same direction as human studies, that
is, undertaking whole-genome sequencing of individual dogs,
combining CNV studies with existing GWA studies, and pursuing
epigenetic investigations. Though the remaining questions are
formidable, studies of genetic inherited epilepsy have not been
without reward. Ten gene tests are now available, and much work
is still in progress. The promise of identifying chromosomal loci
and genes involved in canine epilepsies brings hope for additional
susceptibility tests for dog breeders, increasing our knowledge of
the pathophysiology of neurcnal hyperexcitation, and, possibly,
development of novel pharmaceutical or gene therapies or both.
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