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Ovine neuronal ceroid lipofuscinosis: a large
animal model syntenic with the human neuronal
ceroid lipofuscinosis variant CLN6

Murray F Broom, Chaoming Zhou, Judith E Broom, Karen J Barwell, Robert D Jolly,
Diana F Hill

Abstract
The neuronal ceroid lipofuscinoses
(NCLs) are a group ofinherited degenera-
tive neurological diseases affecting chil-
dren. A number of non-allelic variants
have been identified within the human
population and the genes for some ofthese
have recently been identified. The under-
lying mechanism for the neuropathology
remains an enigma; however, pioneering
studies with the naturally occurring ovine
model (OCL) have led to the proposal that
these diseases represent lesions in specific
hydrophobic protein degradation path-
ways. In this study, we show linkage
between OCL and microsatelilite markers
on OAR 7q13-15. Using interspecies chro-
mosome painting we establish that OAR
7ql3-15 is syntenic with human chromo-
some 15q21-23, the region which was
recently defined as the location of a newly
identified late infantile variant (CLN6).
We propose that our ovine model repre-
sents a mutation in the gene orthologous
to that mutated in the human late infantile
variant CLN6. The ovine linkage flock,
consisting of 56 families, represents a
powerful resource for positional cloning of
this NCL gene. The availability of such a
large animal model will have important
implications for experimentation in
downstream corrective therapies.
(3 Med Genet 1998;35:717-721)
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The ceroid lipofuscinoses (NCLs) are a group
of inherited neurodegenerative diseases of chil-
dren characterised by dementia, seizures, loss
of vision, and premature death. Pathologically,
brain and retinal atrophy is accompanied by
the accumulation of a fluorescent lipopigment
within neurones and many other cell types. The
NCLs segregate as autosomal recessive traits.
Classification is based on age of onset and
ultrastructural appearance of storage bodies.
The better defined syndromes are as follows.
Infantile NCL (CLNI) is localised to chromo-
some 1p32 and associated with a deficiency of
palmitoyl protein thioesterase (PPT).' Late
infantile NCL (CLN2) is localised to llp 152
and a recent report indicates a deficiency of a

pepstatin insensitive lysosomal peptidase.3 Ju-
venile NCL (CLN3) is localised to chromo-

some 16pl2 and the associated gene codes for
a novel putative membrane protein.4
A number ofhuman variants have been iden-

tified by linkage analysis. The specific disease
causing mutations in these syndromes remain
unresolved. These include two late infantile
forms, CLN5 and CLN6, localised to chromo-
somes 1 3q225 and 1 5q2 l-23,2 respectively. A
variant disease with juvenile onset is linked to
chromosome lp32 and has recently been shown
to be biochemically analogous to INCL.6 In
addition to the above entities, adult onset forms
of ceroid lipofuscinosis are also known.

Despite recent advances in molecular genet-
ics, the pathogenesis of the ceroid lipofusci-
noses remains enigmatic. The function of PPT
in INCL is uncertain as is the role of the CLN3
protein in JNCL. Attempts to develop mouse
knockout models of CLN1 and CLN3 have so
far proven to be unsuccessful. Furthermore, it
is becoming increasing clear that in many
instances rodent models of human disease
show significantly altered pathologies.79

Well defined animal models that mimic the
human disease phenotype are important re-
sources for biochemical and therapeutic stud-
ies. The best described animal model of NCL
occurs in South Hampshire sheep (OCL) and
has been extensively studied as a model of the
human diseases.'0 Tissue extracts from the
OCL sheep"'"-3 contain multilamellar storage
material and provided the first evidence that
subunit c of the mitochondrial ATP synthase
accumulates in storage bodies. Subsequent
studies showed that the subunit c was also
stored in many of the human NCL variants.'3
Subunit c is an extremely hydrophobic protein
which extracts with lipids in chloroform and
methanol (2:1) and which in situ forms a
transmembrane ion channel as part of the Fo
complex of mitochondrial ATP synthase.'4

In this study we show by linkage analysis that
OCL is located on sheep chromosome 7q1 3-15.
Using interspecies fluorescent in situ hybridisa-
tion and comparative gene mapping data we
provide strong evidence for synteny of this locus
to HSA 1 5q21-23, recently reported as the loca-
tion of CLN6. The gene for the CLN6 disease
variant is as yet unknown. The data strongly
suggest that OCL is a model for the human
variant late infantile disorder, CLN6.
The sheep model is important for future

progress in understanding the disease aetiology
and for experimentation in therapeutic inter-
vention. Large numbers of sheep families in
which a single founder mutation is segregating
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Table 1 Two point lod scores between OCL and chromosome 7 markers

Recombination fraction (r)

Marker 0.001 0.01 0.05 0.1 0.15 0.2 0.25 0.3 Zmax Lod

BM3033 -17.08 -8.20 -2.46 -0.46 0.39 0.76 0.86 0.79 0.25 0.86
BMS2635 -1.59 6.03 9.88 10.05 9.17 7.85 6.30 4.67 0.08 10.18
BM1237 11.11 10.90 9.92 8.67 7.38 6.07 4.76 3.49 0.0 11.14
BMS528 3.62 6.40 7.51 7.14 6.36 5.39 4.32 3.23 0.05 7.51
BMS2349 -3.28 0.58 2.77 3.20 3.10 2.77 2.31 1.79 0.11 3.20
BMS861 -16.61 -8.70 -3.49 -1.58 -0.68 -0.20 -0.05 0.16 0.34 0.18
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Figure 1 Pedigrees of OCLfamilies and the segregation of the microsatellite marker
BM1237. Carrier ewes were mated to different homozygous rams over successive years.

Offspring were diagnosed as affected or normal obligate carriers.

provide an effective resource for linkage
mapping and disease gene identification.
Strong phenotypic resemblance to the human
disease coupled with large animal size and ease

of maintenance of the flocks make the OCL
sheep an attractive model for NCL research.

Methods
LINKAGE FLOCK

South Hampshire sheep segregating for OCL
were maintained by mating affected ho-
mozygous OCL males with heterozygous
carrier ewes. Offspring were phenotyped by
brain biopsy at birth or by observing clinical
symptoms at 9-12 months. Affected rams with
a life expectancy of 24 months were mated in
their first year whereas carrier ewes were mated
to different rams in successive years. The link-
age flock consists of 350 DNA samples from 56
half sibships consisting of two to 11 offspring
from a given carrier ewe.
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Figure 2 Allelic association of chromosome 7 markers with OCL. The allele frequencies for
affected and normal chromosomes are shown above each column.

MARKERS
Markers BM3033, BMS2635, BM1237,
BMS528, BM2349, TG131, and BM861 are
bovine microsatellites.'5 Markers BM3033,
BM1237, BMS528, and BM861 are also
framework markers in the sheep linkage map'6
(Kappes, personal communication).

NOMENCLATURE
BTA, Bos taurus; OAR, Ovis aries; HSA, Homo
sapiens; YAC, yeast artificial chromosome; t3,
Robertsonian (7;25) translocation'7; DAPI, 4,6
diamidino-2-phenylindole. The main human
NCL divisions are infantile (INCL), late
infantile (LINCL), and juvenile (JNCL). The
loci are designated as follows: CLN1, infantile
neuronal ceroid lipofuscinosis; CLN2, classical
late infantile neuronal ceroid lipofuscinosis;
CLN3, juvenile neuronal ceroid lipofuscinosis;
CLN5, variant late infantile neuronal ceroid
lipofuscinosis; CLN6 variant late infantile
neuronal ceroid lipofuscinosis.

YAC LIBRARY SCREENING
Ovine yeast artificial chromosomes (YACs)
were isolated by screening the library pools
with microsatellite primers as previously
described.'8"

IN SITU HYBRIDISATION
YAC DNA was prepared in agarose plugs and
1,g of extracted DNA was used for standard in
situ hybridisation.2" Flow sorted sheep chro-
mosome paints have been previously
described.2' The protocol for hybridisation of
sheep chromosome specific paint probes onto
human metaphase spreads was modified as fol-
lows: the amount of biotin labelled probe was
increased to 500 ng; after denaturation the
probe was preannealed with both sheep (20 jg)
and human Cot 1 (10 jig) DNA for 4.5 hours
(37°C in 50% formamide) in a total of 20,l of
hybridisation solution. Before application of
the probe to the slide the formamide concen-
tration was lowered to 40% by the addition of
5 tl of 2 x SSC. The probe was hybridised for
five days at 37°C. The stringency washes were
performed using 3 x five minute washes in 44%
formamide/2 x SSC at 370C and 3 x five min-
utes in 0.5 x SSC at 50°C. Development of the
signal with FITC streptavidin and biotinylated
anti-avidin followed standard protocols. The
images were captured using a PXL1400 cooled
CCD Camera (Photometrics) attached to a
Zeiss Axiophot fluorescent microscope. The
images were processed using Quips Smart
Capture FISH and CGH software from Vysis
in conjunction with IPLAB scientific imaging
software from Signal Analytics running on a
Power Macintosh 8100/100.

LINKAGE MAPPING
Ovine and bovine microsatellite markers were
selected from the developing sheep and cattle
maps.'5 16 Where possible, markers selected at
approximately 10-15 cM were tested for
linkage to OCL. Markers were initially
screened using approximately 90 DNA sam-
ples; areas of potential interest were then
further investigated with more families and,
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Ovine NCL is syntenic with the human variant CLN6

Figure 3 In situ hybridisation of YAC clone 354D3 to an ovine metaphase spreadfrom a
homozygous t3 Robertsonian translocation: a fusion of ovine chromosome 7 and chromosome
25.

where possible, additional markers. A total of
160 microsatellite markers were analysed. After
identification of a linked marker, flanking
markers were identified from the ovine and
bovine maps and tested for linkage to OCL.
Two point lod scores were determined using
CRI-MAP22 and multipoint linkage analysis
was performed using CRI-MAP Build.

Results
The frequency of affected offspring in the OCL
flock was approximately 0.5 and the uniformity
of the phenotype is consistent with a single
founder mutation. The microsatellite marker

BMS528 was the first marker analysed to show
significant linkage to OCL. Screening of
adjacent microsatellite markers (BMS2635,
BM1237, BMS2349) from the bovine linkage
map'5 confirmed the location ofOCL on sheep
chromosome 7. The segregation of microsatel-
lite marker BM1237 in three families is shown
in fig 1. A maximum pairwise lod score of
11.14 was obtained at Zmax=O between
BM1237 and OCL (table 1). Significant
linkage was also detected with microsatellite
markers BMS2635, BMS528, and BMS2349.
Multipoint linkage analysis placed OCL in the
region of BMS 1237 (fig 2). Strong allelic
association was observed with markers
BMS2635, BM1237, BMS528, and
BMS2349. The allelic association was the
strongest at BM1237; all affected chromo-
somes carry allele 2 and all normal chromo-
somes carry allele 1 (fig 2).
YAC clones containing microsatellite mark-

ers BMS2635, BM1237, BMS528, TGLA131,
and BMS2349 were used for in situ hybridisa-
tion. Identification of sheep chromosome 7 as
the target chromosome was simplified by the
use of a homozygous Robertsonian t3 translo-
cation consisting of a 7/25 centromeric
fusion. 17 Non-chimeric YAC clones consist-
ently hybridised to the chromosome 7 in the
region of qi 3-15. Fig 3 shows the hybridisation
ofYAC clone 354D3 to the chromosome 7 arm
of the 7;25 translocation karyotype.

Direct demonstration of synteny between
sheep chromosome 7 and human chromosome
15q was obtained by interspecies FISH. Sheep
chromosome 7 specific paint probes2' were
hybridised onto human metaphase spreads and
both HSA 15 and 14 were consistently
targeted. DAPI banding enhanced by Smart
Capture software showed that the signal from
the sheep chromosome 7 paint covered the
region HSA 15q21-23 (fig 4).
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Figure 4 In situ hybridisation of ovine chromosome 7 paint probe onto a human metaphase spread. (A) Hybridisation ofpaint probe onto DAPI stained
human metaphase chromosomes. (B) DAPI banding pattern of the metaphase chromosomes with arrows indicating human chromosomes 14 and 15. (C)
Magnified image ofhuman chromosome 15 showing the DAPI banded image and the fluorescence signal.
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Figure S Syntenic relationships between HSA15, BTA10, and OAR7. Section A (Ifrom reference 24, IIfrom reference
23) summarises two previous chromosome painting studies showing the hybridisation ofhuman paint probes (HSA
chromosomes 14, 15, and 5) onto bovine chromosome 7. Sections B and D: ideograms of G banded BTA10 and OAR7.
Section C: bovine linkage map showing markers'5 that were informative in the OCL critical region (distances sex
averaged). The genetic distances between BM1237 and BMS528 is 4.3 cM (sex averaged). Section E: sheep linkage map
showing marker distances (sex averaged) from the International Mapping flock" (Kappes, personal communication).
Markers BM1237 and BMS528 were not separable by linkage analysis in the International Mapping flock; however,
within the OCL flock the genetic distances between BM1237 and BMS528 was determined to be 4.3 cM (sex averaged).

Discussion
LINKAGE OF MARKERS TO OCL
A genomic screen of 160 microsatellite markers
has led to the identification of four markers
linked to OCL. Strong linkage disequilibrium
between :CL and markers BMS2635,
BM1237, BMS528, and BMS2349 was ob-
served with the strongest allelic association
shown between OCL and BM1237.

USING COMPARATIVE MAPPING TO ESTABLISH
SYNTENY OF CLN6 WITH OCL

CLN6 has recently been assigned by linkage
analysis to HSA 15q21-23.2 Several lines of
evidence indicate that the OCL and CLN6
regions are syntenic. Firstly, YAC clones
containing markers linked to OCL hybridised
to the sheep chromosome region 7q13-14. We
used a sheep chromosome 7 specific paint
probe for interspecies painting onto human
metaphase spreads. The sheep chromosome 7
paint hybridised onto regions of human
chromosomes 14 and 15. Enhanced DAPI
banding showed that the fluorescent signal on
HSA chromosome 15 extended from 15q21 to
15q23 (fig 5G).

Secondly, two previously published chromo-
some painting studies have shown that human
chromosomes 14 and 15 paint probes hybridise
to cattle chromosome 10 (surnmarised in fig
5A, B). The HSA 15 paint probe hybridised to
BTA 1Oqi1-2623 24 and synteny between this
region in cattle and sheep chromosome
7ql 1-24 is firmly established.'5 17 25 26

Thirdly, hexosaminodase A (alpha polypep-
tide, GDB:120040) maps to HSA 15q23-24
and OAR 7q12-13 and cytochrome P450 aro-
matase (GDB: 119830), which maps to HSA

15q21, has been assigned to cattle chromo-
some 1027 and sheep chromosome 7.28

CLASSIFICATIONS OF NCL
The South Hampshire sheep has been pivotal
to our present understanding of this group of
diseases."3 29 As a result we can now divide these
diseases into at least two groups, those that
accumulate subunit c of the mitochondrial
ATP synthase as a dominant chemical species
in storage material and those that do not. The
former group show a variety of multilamellar
profiles in storage material on electron micros-
copy which are of some nosological signifi-
cance. This group comprises classical (CLN2)
and variant LINCLs (CLN5, CLN6),30 31

JNCL, 0 and probably adult NCL in humans.'2
The second group of diseases in which stor-

age of subunit c is not observed comprises
INCL and a juvenile onset variant NCL. These
diseases typically show granular osmiophilic
deposits (GRODS) in lysosomes when exam-
ined by electron microscopy."

OVINE NCL: ITS CONTRIBUTION, PAST, PRESENT,
AND FUTURE
Although the detailed biochemistry and neuro-
biology of the ceroid lipofuscinoses remains
unresolved, rapid progress is being made using
positional cloning. The demonstration of
synteny between the OCL and CLN6 chromo-
somal regions supports the hypothesis that
OCL and CLN6 are caused by mutations in
orthologous genes. There are at least four non-
allelic forms of NCL in humans that show
lysosomal storage of subunit c. It can be
expected that these disorders are linked by
some common factor; either the gene products
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are part of a specific biochemical pathway or
the biochemical lesions disrupt the orderly
degradation of subunit c allowing it to
aggregate into complexes with lipids that
cannot be catabolised by lysosomal enzymes.
The current study validates further the

importance of the sheep model. With its single
founder mutation, large flock size, large animal
morphology, and fidelity in mimicking the
human condition, the sheep model must
continue to play an important role in the future
for unraveling the aetiology of the NCLs.
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