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INTRODUCTION

Lysosomal storage diseases (LSD) are a large and 
heterogeneous group of inherited metabolic disor-
ders. Defects that impair proper lysosomal function 
or transport of molecules from and to the lysosome 

typically lead to accumulation of incompletely de-
graded substrates, which is the hallmark of LSD 
(Parenti et  al.,  2015). Currently, more than 70 LSD 
with known genetic cause have been documented, 
mostly with a monogenic autosomal recessive mode 
of inheritance (Platt et  al.,  2018). Neuronal ceroid 
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Abstract
Neuronal ceroid lipofuscinoses (NCL) are among the most prevalent 
neurodegenerative disorders of early life in humans. Disease- causing variants 
have been described for 13 different NCL genes. In this study, a refined 
pathological characterization of a female rabbit with progressive neurological 
signs reminiscent of NCL was performed. Cytoplasmic pigment present 
in neurons was weakly positive with Sudan black B and autofluorescent. 
Immunohistology revealed astrogliosis, microgliosis and axonal degeneration. 
During the subsequent genetic investigation, the genome of the affected rabbit 
was sequenced and examined for private variants in NCL candidate genes. The 
analysis revealed a homozygous ~10.7 kb genomic duplication on chromosome 15 
comprising parts of the MFSD8 gene, NC_013683.1:g .103,727,963_103,738,667dup. 
The duplication harbors two internal protein coding exons and is predicted 
to introduce a premature stop codon into the transcript, truncating ~50% 
of the wild- type MFSD8 open reading frame encoding the major facilitator 
superfamily domain containing protein 8, XP_002717309.2:p.(Glu235Leufs*23). 
Biallelic loss- of- function variants in MFSD8 have been described to cause 
NCL7 in human patients, dogs and a single cat. The available clinical and 
pathological data, together with current knowledge about MFSD8 variants and 
their functional impact in other species, point to the MFSD8 duplication as a 
likely causative defect for the observed phenotype in the affected rabbit.
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lipofuscinoses (NCL) are a subgroup of LSD with cur-
rently 14 known entities in humans. Disease- causing 
variants have been described in 13 different genes 
(Nita et al., 2016). Neuronal ceroid lipofuscinoses are 
among the most prevalent neurodegenerative disorders 
of early life (Qureshi et  al.,  2020). They are morpho-
logically characterized by cellular inclusions of ceroid 
lipopigments, neuronal loss and progressive neurode-
generation. The age of onset and clinical phenotype of 
NCL may be variable and depends on the specific gene 
and the specific pathogenic variant(s) involved. Shared 
clinical features of NCL consist of progressive loss of 
motor function and mental capabilities. Many NCL 
additionally involve a progressive loss of vision (Schulz 
et al., 2013).

During the last two decades, veterinary medicine has 
made great progress concerning the description and ge-
netic characterization of NCL. Different forms of NCL 
have been described in many domestic and wild animal 
species (Barker et al., 2023; Bond et al., 2013; Chalkley 
et  al.,  2014; Guo et  al.,  2019; Huber et  al.,  2020; Katz 
et  al.,  2020; Nicholas et  al.,  1995; Nittari et  al.,  2023; 
Nolte et al., 2016; Swier et al., 2022; Villani et al., 2019). 
Furthermore, disease- causing genetic variants were dis-
covered or experimentally induced in domestic animals 
for nine of the 14 different human NCL types (Table 1) 
(Huber et al., 2020).

This study was initiated following the report of a fe-
male rabbit aged 3 years and 11 months with progressive 
neurological signs reminiscent of NCL. After an initial 
clinical case description (Böttcher- Künneke et al., 2020), 
the goal of this study was to further characterize the 
phenotype of the rabbit by means of histochemistry and 
immunohistochemistry, as well as to identify a possible 
underlying genetic defect.

M ATERI A LS A N D M ETHODS

Animal selection

The described analyses and experiments were performed 
on samples derived from a female lionhead dwarf rabbit 
that has been described previously in a preliminary case 
report (Böttcher- Künneke et al., 2020). The rabbit showed 
various neurological signs and behavioral changes in-
cluding progressive anxiety at noises, light stimuli or 
touch with consecutive self- traumatization through 
uncontrolled movement, hyperesthesia, disorientation, 
ataxia, stereotypical head movements, phantom scratch-
ing, compulsive wandering, epileptic seizures, progres-
sive loss of vision to blindness, temporary dyspnea and 
intermittent cessation of food and water intake.

The sire of the affected rabbit did not show compara-
ble neurological disease signs. The sire was euthanized 
at ≥6 years of age in the course of an unrelated disease 
and subsequently examined pathomorphologically. 

Skin, lung, liver, spleen and kidney samples of the sire 
were available for genotyping of the identified candidate 
variant. Unaltered tissue from the central nervous sys-
tem from a young adult male chinchilla bastard rabbit of 
approximately 6 months of age, which was part of an un-
related study, served as a representative positive control 
for immunohistology.

Histochemistry and immunohistology

Tissue samples were fixed in 10% neutral buffered for-
malin for 24 h and embedded in paraffin wax. Tissue 
sections of 2–4 μm thickness were stained with hema-
toxylin–eosin and examined using light microscopy. In 
addition, sections of central nervous system (CNS) were 
subjected to Sudan black B (Robles,  1978) and Ziehl 
Neelsen (Ziehl, 1882) staining. In the case of the female 
affected rabbit, unstained sections of CNS, including 
cerebral cortex, hippocampus, diencephalon, cerebel-
lum, brainstem, cervical, thoracic and lumbar spinal 
cord, were further examined by fluorescence microscopy 
to identify lipofuscin pigments.

Immunohistology was performed on 2–4 μm thick 
tissue sections of the CNS using the avidin- biotin- 
peroxidase complex (#PK 6100, Vectastain elite ABC 
kit; Vector Laboratories, Burlingame, CA, USA) and 
3,3′- diaminobenzidine tetrahydrochloride (0.05%; 
Sigma- Aldrich Chemie GmbH) as previously published 
(Huang et al., 2021). The pretreatments and dilutions of 
the antibodies used are listed in Table 2. Unaltered CNS 
tissue from a chinchilla bastard rabbit served as repre-
sentative positive control.

Tissue sections were examined by two or three pa-
thologists using a light microscope (Olympus BX53; 
Olympus Europa SE & Co. KG, Hamburg, Germany). 
Autofluorescence was tested with a BZ- 9000E micro-
scope (Keyence Deutschland GmbH, Neu- Isenburg, 
Germany) using blue (DAPI filter, excitation 377 ± 50 nm, 
emission 477 ± 60 nm) and green filters (GFP filter, exci-
tation 472.5 ± 30 nm, emission 520 ± 35 nm).

Whole- genome sequencing

Genomic DNA was isolated from a tissue sample 
of the affected female rabbit with the Maxwell RSC 
Tissue Kit using a Maxwell RSC instrument (Promega, 
Dübendorf, Switzerland). An Illumina TruSeq PCR- 
free DNA library with ~420 bp insert size was prepared. 
A total of 235 million 2 × 150 bp paired- end reads on 
a NovaSeq 6000 instrument were obtained (22.4× cov-
erage). Mapping to the OryCun2.0 reference genome 
assembly was performed as described (Jagannathan 
et al., 2019). The sequence data were deposited under the 
study accession PRJEB28783 and the sample accession 
SAMEA6488642 at the European Nucleotide Archive. 
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The genome sequence data of 12 control rabbits were 
also included in the analysis (Table S1).

Variant calling and filtering

Variant calling was performed using GATK 
HaplotypeCaller (McKenna et al., 2010) in gVCF mode 
as described previously (Jagannathan et  al.,  2019). To 
predict the functional effects of the called variants, sn-
peff (Cingolani et al., 2012) software, together with the 
OryCun2.0 reference genome assembly and NCBI an-
notation release 102, was used. Numbering within the 

rabbit MFSD8 gene corresponds to the NCBI RefSeq 
accession numbers XM_002717263.3 (mRNA) and 
XP_002717309.2 (protein).

PCR and Sanger sequencing

Primers F2_DupF and R1_DupR were used for the 
generation of an amplicon containing the junction 
of the duplication at NC_013683.1:g.103,727,963_10
3,738,667dup (Table  S2). PCR was performed for 30 
cycles using the Qiagen Multiplex PCR kit (Qiagen, 
Hilden, Germany). Product sizes were analyzed on a 

TA B L E  1  Overview of Neuronal ceroid lipofuscinose (NCL) types and known genetic causes in humans and domestic animals. OMIM 
(Amberger et al., 2015) and OMIA (Nicholas et al., 1995) identifiers are given.

Human disease designation Gene Protein Species OMIM/OMIA

CLN1 PPT1 Palmitoyl protein thioesterase 1 Human 256730

Dog 001504- 9615

Sheep 001504- 9940

CLN2 TPP1 Tripeptidyl peptidase 1 Human 204500

Dog 001472- 9615

Pig 001472- 9823

CLN3 CLN3 CLN3 lysosomal/endosomal transmembrane 
protein, battenin

Human 204200

Pig 002432- 9823

CLN4A CLN6 CLN6 transmembrane ER protein Human 204300

CLN4B DNAJC5 DnaJ heat shock protein family (Hsp40) member 
C5

Human 162350

CLN5 CLN5 CLN5 intracellular trafficking protein Human 256731

Dog 001482- 9615

Cattle 001482- 9913

Sheep 001482- 9940

CLN6 CLN6 CLN6 transmembrane ER protein Human 601780

Dog 001443- 9615

Cat 001443- 9685

Sheep 001443- 9940

CLN7 MFSD8 Major facilitator superfamily domain containing 
8

Human 610951

Dog 001962- 9615

Cat 001962- 9685

CLN8 CLN8 CLN8 transmembrane ER and ERGIC protein Human 600143

Dog 001506- 9615

CLN9 — Unknown Human 609055

CLN10 CTSD Cathepsin D Human 610127

Dog 001505- 9615

Sheep 001505- 9940

CLN11 GRN Granulin precursor Human 614706

‘CLN12’, Kufor- Rakeb syndrome ATP13A2 ATPase cation transporting 13A2 Human 606693

Dog 001552- 9615

CLN13 CTSF Cathepsin F Human 615362

‘CLN14’, epilepsy, progressive 
myoclonic 3, with or without 
intracellular inclusions

KCTD7 Potassium channel tetramerization domain 
containing 7

Human 611726
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5200 Fragment Analyzer (Agilent, Basel, Switzerland). 
The wild- type allele yielded no amplicon, as the prim-
ers can only bind in a tail- to- tail orientation on the 
genomic segment without the duplication. The dupli-
cation allele gave rise to a product of 950 bp, which 
contains the junction of the two copies. To enable a 
technical validation of the above- mentioned primers 
in wild- type animals, additional PCR analyses were 
performed. Primer F2_DupF was used together with 
primer R2 for generation of an 861 bp amplicon, while 
primer R1_DupR was used with primer F1 to produce 
an amplicon of 889 bp length. Direct Sanger sequencing 
of the PCR amplicons on an ABI 3730 DNA Analyzer 
(Thermo Fisher Scientific, Reinach, Switzerland) was 
performed after treatment with exonuclease I and al-
kaline phosphatase. Sanger sequences were analyzed 
using the sequencher 5.1 software (Gene Codes, Ann 
Arbor, MI, USA).

RESU LTS

Histochemistry and immunohistochemistry

The neurons of the CNS of the affected rabbit were char-
acterized by loss, necrosis or a variable accumulation 
of a finely granular, weakly eosinophilic to yellowish- 
brown material in the cytoplasm displacing the nucleus 
and/or Nissl substance to the periphery (Figure 1a). The 
cytoplasmic storage material stained weakly positive for 
Sudan black B (Figure 1b) and was negative for Ziehl–
Neelsen (Figure 1c). In addition, it exhibited green au-
tofluorescence (Figure  1d). In contrast, there were no 
comparable changes in the sire of the proband.

Immunohistochemistry demonstrated astrogliosis, 
microgliosis (Figure  2) and axonal damage (Figure  3). 
There was a mild to marked proliferation of astrocytes 

positive for glial fibrillary acidic protein in the CNS, 
especially in the white matter of the cerebral cortex 
(Figure 2a,b) and cerebellum, and at the interface of the 
cerebellar molecular and granular cell layers. Similarly, 
a slight to moderate increase in plump microglia positive 
for ionized calcium binding adapter molecule 1 (Iba1) 
was observed, occurring predominantly in the cerebral 
cortex (Figure  2c,d). A marked loss of phosphorylated 
neurofilament (pNF) expression was visible in Purkinje 
cells (Figure 3a,b), while it was present to varying degrees 
in the remaining CNS. In addition, a slight to moder-
ate increase in immunolabeling for non- phosphorylated 
neurofilament (nNF) was observed in the axons of spi-
nal cord, Purkinje cells and cerebellar granule neurons 
(Figure 3c,d), as well as the white matter of the cerebral 
cortex and cerebellum compared with the control animal. 
There was also a mild to moderate decrease in staining 
intensity for nNF in neurons throughout the CNS owing 
to the cytoplasmic storage material. Axons positive for 
beta- amyloid precursor protein were frequently present 
in the white matter throughout the CNS and at the in-
terface between the molecular and granular cell layers 
of the cerebellum (Figure 3e,f). The immunohistological 
findings are summarized for each antibody by brain re-
gion in Table 3.

Genetic analysis

As clinical and histopathological findings resembled 
previously published cases of humans and companion 
animals with NCL (Bond et al., 2013; Bullock et al., 2022; 
Cesta et al., 2006; Chalkley et al., 2014; Faller et al., 2016; 
Nibe et  al.,  2011; Nolte et  al.,  2016; Story et  al.,  2020), 
we hypothesized that the phenotype in the affected 
rabbit was due to a protein changing variant in one of 
the 13 known NCL candidate genes (Nita et al.,  2016). 

F I G U R E  1  Histochemical findings 
in the brainstem of a rabbit with neuronal 
ceroid lipofuscinosis. (a) Accumulation 
of a cytoplasmic, pale eosinophilic, 
granular pigment in neurons (arrows) 
displacing Nissl substance to the periphery. 
Hematoxylin and eosin. (b) Brown- stained 
intraneuronal pigment (arrows). Sudan 
black B. (c) The intraneuronal pigment is 
negative for Ziehl–Neelsen staining. (d) 
Green autofluorescence of intraneuronal 
storage material (arrows), GFP filter, 
excitation 472.5 ± 30 nm, emission 
520 ± 35 nm. All scale bars = 20 μm.
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The genome of the affected rabbit was sequenced and 
searched for private heterozygous variants in DNAJC5 
and private homozygous variants in the other 12 known 
candidate genes. Subsequently, variants that were pre-
sent in at least one of 12 control rabbits were excluded. 
Thus, only private variants in the affected rabbit were 
further considered (Table 4, Table S3).

This analysis did not identify any private protein- 
changing variants in a functional candidate gene. The 
automated variant calling pipeline considered only sin-
gle nucleotide variants and small indels. We therefore 
performed a visual search for structural variants that 
would have been missed during the initial analysis and 
detected a single structural variant involving protein- 
coding exons among the 13 candidate genes. This variant, 
NC_013683 .1:g.103,727,963_103,738,667dup, represents 
a duplication of 10 705 bp on chromosome 15 within the 
MFSD8 gene (Figure 4). It contains the internal exons 4 
and 5 of the gene, XM_002717263.3:c.202_701dup. The 
presence of the duplication was confirmed in the af-
fected rabbit and its sire by Sanger sequencing of PCR 
amplicons spanning the junction of the two copies. The 
duplication was absent in whole genome sequencing data 
of 12 control rabbits and five additionally genotyped 
healthy rabbits.

Assuming unaltered splicing of all exons, the dupli-
cation of exons 4 and 5 results in a change to the tran-
script that can be designated as XM_002717263.3:r.
(202_701dup). The duplication in the predicted tran-
script introduces a frameshift and premature stop 
codon, XP_002717309.2:p.(Glu235Leufs*23), thus 

truncating 50.8% of the wildtype MFSD8 coding se-
quence (Figure 5).

DISCUSSION

Neuronal ceroid lipofuscinoses comprise one of the 
most common neurodegenerative diseases of early life 
(Qureshi et al., 2020). The objective of this study was the 
histochemical, immunohistological and genetic charac-
terization of a female lionhead dwarf rabbit aged 3 years 
and 11 months reported with progressive neurological 
signs reminiscent of NCL. Similar alterations had been 
clinically observed for the dam of the proband. The dam 
initially presented with increasing anxiety as a change 
in behavior, which worsened over the course of the fol-
lowing year from extreme panic to jumping headfirst 
into objects as a reaction to noises, changes in light or 
vibrations. In addition, there was severe enuresis. Owing 
to the rapid progression of the condition and the unfa-
vorable prognosis, the dam was euthanized at the age 
of approximately 2 years 6 months. The sister of the af-
fected rabbit described in this report died suddenly at 
the age of 8 years, without any previously known illness. 
Unfortunately, neither the dam nor the sister were avail-
able for necropsy or genetic testing. Like the sire, the sis-
ter of the proband was clinically unremarkable in terms 
of neurological signs throughout her life.

The age of onset of the disease in the case described 
herein and possibly the dam was between 2 and 3 years 
of age. There were similarities with regard to the clinical 

F I G U R E  2  Immunohistochemical findings in the cerebrum of a rabbit with neuronal ceroid lipofuscinosis. (a) The white matter of 
the cerebral cortex presents conspicuous GFAP immunolabeling for astrocytes with irregular and thickened cell processes (arrows). (b) 
Immunolabeling for GFAP in the white matter of the cerebral cortex in the control animal. Stained astrocytes appear physiological (arrows). 
(c) Immunolabeling for Iba1 yields numerous plump, partly vacuolated Iba1- positive microglia (arrows). (d) Unremarkable expression of Iba1 
in cerebral microglia of the control animal. GFAP, Glial fibrillary acidic protein; Iba1, ionized calcium binding adapter molecule 1. All scale 
bars = 50 μm.
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course of NCL in other species such as cognitive changes 
and vision loss in humans (Schulz et al., 2013) or blindness, 
pacing, anxiety, disorientation and ataxia in other animal 
species (Ashwini et  al.,  2016; Guevar et  al.,  2020; Guo 

et al., 2015; McBride et al., 2018). In rabbits, to the best 
of our knowledge, a similar combination of clinical signs 
has only been described in a miniature lop pet rabbit with 
GM2 gangliosidosis, showing behavioral disturbances, 

F I G U R E  3  Immunohistochemical findings in the cerebellum of a rabbit with neuronal ceroid lipofuscinosis. (a) Profound loss of pNF 
in axons (arrows) at the interface between the molecular and granular cell layers. (b) Numerous pNF- positive axons (arrows) at the interface 
between the molecular and granular cell layers in the control animal. (c) Immunolabeling for non- phosphorylated neurofilament (nNF) shows 
a mild to moderate loss of expression for nNF in neurons of the granular cell layer and Purkinje cells (arrowheads) with a simultaneous slight 
to moderate increase in nNF- positive axons (arrows). (d) Prominent immunolabeling for nNF in Purkinje cells and partly in neurons of the 
granular cell layer in a control animal. (e) Frequent immunolabeling of swollen axons for β- APP (arrows) at the interface between the molecular 
and granular cell layers. (f) Immunolabeling for β- APP does not reveal any axonal damage in the control animal. nNF, Non- phosphorylated 
neurofilament; pNF, phosphorylated neurofilament; β- APP, beta- amyloid precursor protein. All scale bars = 20 μm.

TA B L E  3  Immunohistochemical findings in the central nervous system.

Antibody Cerebral cortex Hippocampus Diencephalon Cerebellum Brainstem Spinal cord

GFAP ++(+) ++ +(+) ++(+) + +

Iba1 ++ + +(+) +(+) + +

pNFa +(+) ++ +(+) + to +++b +(+) +

nNFc +(+) + + +(+) +(+) ++

β- APP +(+) + + +(+) +(+) +(+)

Note: +, low numbers (<30%) of immunopositive cells/axons; ++, moderate numbers (30–60%) of immunopositive cells/axons; +++, high numbers (>60%) of 
immunopositive cells/axons.

Abbreviations: GFAP, glial fibrillary acidic protein; Iba1, ionized calcium binding adapter molecule 1; nNF, non- phosphorylated neurofilament; pNF, 
phosphorylated neurofilament; β- APP, beta- amyloid precursor protein.
aThe semiquantitative analysis refers here to a loss of immunoreactivity in axons for pNF.
bVaries greatly depending on the localization.
cThe semiquantitative analysis refers here to an increase of immunoreactivity in axons for nNF.
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bumping into objects and pronounced ataxia, among other 
symptoms (Rickmeyer et  al.,  2013), and in Netherland 
Dwarf rabbits infected with Enzephalitozoon cuniculi, 
showing inter alia ataxia (Doboși et al., 2022).

The histochemical and immunohistological results 
in the CNS are consistent with previously published 
reports on NCL in humans (Anderson et  al.,  2013) 
and other animal species (Ashwini et  al.,  2016; Cesta 
et  al.,  2006; Chalkley et  al.,  2014; Faller et  al.,  2016; 
Guo et  al.,  2015; Nibe et  al.,  2011; Nolte et  al.,  2016). 
The most prominent features in this case were the 

astrogliosis and loss of phosphorylated neurofilament 
throughout the CNS.

In addition to the changes in the CNS, an accumu-
lation of ceroid lipofuscin in the retina leading to de-
generative changes and progressive vision loss has 
been described in other animals with NCL (Ashwini 
et  al.,  2016; Faller et  al.,  2016; McBride et  al.,  2018). 
Interestingly, no ceroid- lipofuscin pigment or degener-
ative changes were detected in the retina of the affected 
rabbit described herein, indicating a neurogenic cause 
for the vision loss observed.

Filtering step
Homozygous 
variants

Heterozygous 
variants

All variants in the affected rabbit 9 013 334 11 327 001

Private variants 78 928 210 582

Private protein- changing variants 158 652

Private protein changing variants in NCL candidate 
genes

0 0

Abbreviation: NCL, Neuronal ceroid lipofuscinoses.

TA B L E  4  Results of variant filtering 
in the affected rabbit against 12 control 
genomes.

F I G U R E  4  Integrative genomics viewer (IGV) screenshot of the short- read alignments of the affected rabbit illustrating the structural 
variant. Base pair coordinates refer to chromosome 15 of the OryCun 2.0 genome reference sequence. The affected rabbit shows a ~2- fold 
increase in coverage in a ~10.7 kb segment. Several read pairs with incorrect read- pair orientation at the boundaries of the duplicated sequence 
are indicated in dark red. These features are characteristic for a duplication of a genomic segment. The position of four PCR primers used 
for genotyping the duplication and its breakpoints are indicated. The duplication harbors exons 4 and 5 of MFSD8. The region without any 
mapped reads harboring exon 5 represents a gap in the genome reference assembly.

F I G U R E  5  Schematic representation of the predicted consequences of the NC_013683.1:g.103,727,963_103,738,667dup variant on the 
mRNA level. The duplicated region is indicated by the vertical lines. The dashed lines indicate the position of the duplicated copy. The 
premature stop codon and downstream sequences are highlighted in red.
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We identified a ~10.7 kb genomic duplication on chro-
mosome 15 harboring exons 4 and 5 of the MFSD8 gene in 
the rabbit with NCL. MFSD8 encodes the major facilita-
tor superfamily domain containing protein 8 (MFSD8), 
which is an integral lysosomal transmembrane protein 
(Siintola et al., 2007). It has 12 membrane spanning do-
mains and localizes to lysosomes and late endosomes in 
neurons (Sharifi et al., 2010). Human patients with vari-
ants in this gene develop NCL7 (Siintola et  al.,  2007). 
To date, at least 38 different disease- associated MFSD8 
variants have been reported in human medicine (Mole 
et al., 2019). Various murine disease models have been de-
veloped and studied (Brandenstein et al., 2016; Damme 
et al., 2014). However, the complete function of MFSD8 is 
not yet fully understood (Specchio et al., 2021). In veter-
inary medicine, candidate causative genetic variants for 
NCL7 have been reported in dogs (Ashwini et al., 2016; 
Faller et al., 2016; Guo et al., 2015; Karli et al., 2016), a 
single cat (Guevar et al., 2020) and non- human primates 
(McBride et al., 2018).

The mutant allele was detected neither in whole ge-
nome sequences of 12 control rabbits nor in any of the 
five additionally genotyped unrelated controls. In the 
affected rabbit, whole- genome sequencing showed ho-
mozygosity for the identified ~10.7 kb duplication via 
a two- fold increase in coverage. Determination of zy-
gosity in the sire was not possible using conventional 
PCR amplification. The mutant allele was amplified, 
but the presence of the wild- type allele was not verified. 
However, the sire was assumed to be heterozygous as it 
was clinically and pathomorphologically inconspicuous 
for NCL. MFSD8 variants usually only cause disease 
when present biallelically (Siintola et al., 2007).

The identified variant is predicted to result in a 
frameshift and premature stop codon in MFSD8, 
XP_002717309.2:p.(Glu235Leufs*23). Transcripts with 
premature stop codons are frequently degraded by 
nonsense- mediated mRNA decay with absent protein ex-
pression (Wei- Lin Popp & Maquat, 2013). Experimental 
confirmation at the mRNA level would be required to 
confirm the predicted nonsense mediated decay of the 
transcript.

In conclusion, our study provides a greatly refined 
phenotypic characterization of the rabbit originally de-
scribed in Böttcher- Künneke et al. (2020). To the best of 
our knowledge, we provide the first report of a geneti-
cally characterized NCL in a rabbit. These findings pro-
vide further support for the functional conservation of 
MFSD8 in different mammalian species.
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