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Abstract

Golden Retriever dogs with a frameshift variant in CLN5 (c.934_935delAG) suffer
from a progressive neurodegenerative disorder analogous to the CLNS form of neu-
ronal ceroid lipofuscinosis (NCL). Five littermate puppies homozygous for the dele-
tion allele were identified prior to the onset of disease signs. Studies were performed
to characterize the onset and progression of the disease in these dogs. Neurologi-
cal signs that included restlessness, unwillingness to cooperate with the handlers,
and proprioceptive deficits first became apparent at approximately 12 months of age.
The neurological signs progressed over time and by 21 to 23 months of age included
general proprioceptive ataxia, menace response deficits, aggressive behaviors, cere-
bellar ataxia, intention tremors, decreased visual tracking, seizures, cognitive decline,
and impaired prehension. Due to the severity of these signs, the dogs were euthanized
between 21 and 23 months of age. Magnetic resonance imaging revealed pronounced
progressive global brain atrophy with a more than sevenfold increase in the volume
of the ventricular system between 9.5 and 22.5 months of age. Accompanying this
atrophy were pronounced accumulations of autofluorescent inclusions throughout the
brain and spinal cord. Ultrastructurally, the contents of these inclusions were found
to consist primarily of membrane-like aggregates. Inclusions with similar fluores-
cence properties were present in cardiac muscle. Similar to other forms of NCL, the
affected dogs had low plasma carnitine concentrations, suggesting impaired carnitine
biosynthesis. These data on disease progression will be useful in future studies using

the canine model for therapeutic intervention studies.

KEYWORDS
Batten disease, carnitine, hereditary disorder, lysosomal storage disease, neurodegeneration

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium, provided

the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2022 The Authors. Developmental Neurobiology published by Wiley Periodicals LLC.

326 wileyonlinelibrary.com/journal/dneu

Developmental Neurobiology. 2022;82:326-344.


https://orcid.org/0000-0002-0231-3591
https://orcid.org/0000-0002-2582-9187
mailto:katzm@health.missouri.edu
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://wileyonlinelibrary.com/journal/dneu

MEIMAN ET AL.

1 | INTRODUCTION

The neuronal ceroid lipofuscinoses (NCLs) are a group of
lysosomal storage disorders associated with variants in at least
13 genes (Beck-Wadl et al., 2018; Butz et al., 2020). They are
characterized by intracellular accumulation of autofluores-
cent storage bodies, progressive neurological signs, and neu-
rodegeneration. The CLN5 form of NCL is associated with
sequence variants in CLNS5 that encodes a lysosomal protein
with no homology to any other known protein and whose
function remains unclear (De Silva et al., 2015; Jules et al.,
2017; Larkin et al., 2013; Lebrun et al., 2009; Leinonen et al.,
2017; Mamo et al., 2012; Moharir et al., 2013; Schmiedt et al.,
2010). In the majority of cases, onset of clinical signs occurs
in children between 2 and 8 years of age, typically beginning
with declines in cognitive, motor, and language function fol-
lowed by seizures and progressive loss of vision (Holmberg
et al., 2000; Simonati et al., 2017; Xin et al., 2010). Behavior
disturbances and sleep alterations may also occur (Kirveskari
et al., 2001; Simonati et al., 2017). Progressive brain atrophy
is apparent in CLNS disease patients and by end-stage dis-
ease includes extreme global atrophy and loss of neurons of
the cerebral cortex and cerebellum, degeneration of the tha-
lamus, hippocampus and brainstem, and loss of myelin (Autti
etal., 1992; Haltiaet al., 2001; Holmberg et al., 2000; Tyyneld
et al., 1997, 2004).

Naturally occurring CLNS5 disease has been identified
in several dog breeds, Borderdale sheep, and Devon cat-
tle (Frugier et al.,, 2008; Gilliam et al., 2015; Houweling
et al., 2006; Kolicheski et al., 2016; Melville et al., 2005).
A two base pair deletion and frame shift variant in CLN5
(c.934_935delAG) that predicts a truncated CLNS5 lacking
the 39 C-terminal amino acids was identified in Golden
Retrievers with this disorder (Gilliam et al., 2015). A lim-
ited description of neurological disease progression was pre-
viously reported for several CLN5-affected companion dogs.
Studies were undertaken to more thoroughly characterize the
disease progression of canine CLNS disease, with a goal of
obtaining baseline data that could form a basis for assessing
the efficacy of potential therapeutic interventions using this
model.

2 | MATERIALS AND METHODS

2.1 | Animals

Five Golden Retriever puppy littermates homozygous for the
CLN5:¢.934_935delAG variant were evaluated in this study
(Gilliam et al., 2015). Four of the dogs were female and one
was male. The affected puppies were identified by genotyp-
ing a litter of puppies generated by breeding a pair of carriers.
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Genotyping was performed as described previously (Gilliam
et al., 2015). The affected females were designated V, W, X,
and Y, and the male dog was designated Z. Microchips were
implanted in each of the puppies to ensure correct identifica-
tion. The dogs were maintained on a 12:12 daily light cycle in
AALAC-accredited facilities at the University of Missouri—
Columbia. They received routine husbandry and veterinary
care and were socialized outside of their pens daily. The study
was performed in accordance with the U.S. National Research
Council Guide for the Care and Use of Laboratory Animals
and was approved by the University of Missouri Animal Care
and Use Committee.

2.2 | Diagnostic imaging

Three of the five dogs had brain magnetic resonance imag-
ing (MRI) performed at multiple time points. Dogs Y and
Z underwent MRI at approximately 9, 18, and 23 months
of age. Dog X underwent MRI at approximately 9 and 18
months of age. The two remaining dogs had brain imaging
performed at one time point: Dog W at 21 months of age and
Dog V at 20 months of age. All imaging was performed under
general anesthesia using a 3.0T Toshiba/Canon Titan scan-
ner (Canon Medical Systems USA, Tustin, CA, USA) with an
orthopedic multichannel speeder coil. Images were obtained
using the following parameters: localizer, T2-weighted sagit-
tal (T2W: TR 3028-3316 ms, TE 120 ms, slice thickness
2.5 mm, slice gap 2.8 mm, FOV 576-784 x 640-800 mm),
T2W coronal (TR 3028-3461 ms, TE 120 ms, slice thickness
2.5 mm, slice gap 2.8 mm, FOV 576-768 x 640-940 mm),
T2W transverse (TR 6837-8302 ms, TE 120 ms, slice thick-
ness 3 mm, slice gap 3.3 mm, FOV 512-768 x 512-704 mm),
and MPRAGE (TR 6.8 ms, TE 2.7 ms, slice thickness 1 mm,
slice gap 0.5 mm, FOV 400 X 420 mm). Contrast studies were
not performed.

Quantification of ventricular system and whole brain
volumes was performed using Brainsight software (Rogue
Research, Montreal, Quebec, Canada) on the MPRAGE
sequence images. A threshold was applied to the images to
isolate the ventricles. Seeds, which propagated to subsequent
images, were placed in the threshold ventricle of the most ros-
tral or caudal slice containing ventricle. The software auto-
matically tracked the seeds in subsequent slices, and manual
adjustments were made to ensure that the entire ventricular
system was accurately selected. The software then assembled
the selected region of interest into a three-dimensional image
of the ventricular system and used this composite to calcu-
late the total volume of the ventricles in mm?>. This proce-
dure was repeated for whole brain volumetric analyses, with
the threshold and seeds applied to isolate and select the brain
parenchyma.
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TABLE 1 Summary of clinicopathologic tests
Age (months) Test Dog(s)
~7.0 CBC, chemistry, troponin, UA V. W,X,Y,Z
~9.5 CBC, chemistry, troponin V,W,X,Y,Z
~12.5 CBC, chemistry, troponin, UA V,W,X,Y,Z
~16.5 CBC, chemistry, troponin, UA, CSF V,W,X,Y,Z
19.9 Fasted blood glucose V,W,X,Y,Z
~20.0 CBC, chemistry, troponin, UA, CSF V,W, X, Y,Z
21.0 Fasted blood glucose W, X,Y,Z
22.0 CBC, chemistry, troponin, UA, CSF W
23.1 CBC, chemistry, troponin, UA, CSF X
23.0 Fasted blood glucose Y
~23.0 CBC, chemistry, troponin, UA, CSF Y,Z

Abbreviations: CBC, complete blood count; CSF, cerebrospinal fluid; UA, urinalysis.

2.3 | Clinical neurologic examinations

Monthly neurologic examinations were performed on all
dogs between 9 and 22 months of age. Starting at 22 months
of age, the frequency of examination was increased to every
1-2 weeks. Signs of neurologic dysfunction were subjectively
monitored by a standardized clinical neurologic examination
(Lorenz et al., 2011). Components of the neurologic exami-
nation included observation of mentation, posture, and gait;
testing of cranial nerves; evaluation of postural reactions (paw
replacement, hopping, wheelbarrow, and extensor postural
thrust); spinal reflexes (myotatic and flexor); and sensory test-
ing. Gait evaluation was assessed as normal or abnormal with
the presence of ataxia (cerebellar, general proprioceptive,
vestibular) and paresis (ambulatory, nonambulatory). Postu-
ral reactions, spinal reflexes, cranial nerve tests, and sensation
were assessed as intact, decreased, or absent. Dogs were eval-
uated for abnormal movement and seizure activity. The dogs
also were evaluated for ability to prehend four meatballs from
a pair of food dishes positioned in identical orientation and 10
feet away. At 16 months of age, the dogs became too agitated
for handling, and the neurologic examination was modified.
Modified neurologic assessments included mentation, posture
and gait, and ability to prehend four meatballs. Age at onset
was recorded for the following neurologic deficits: behavior
changes, proprioceptive deficits, general proprioceptive
ataxia, menace response deficits, aggressive behaviors, cere-
bellar ataxia and intention tremors, decreased visual tracking,
seizure onset, cognitive decline, and abnormal prehension.
Clinical findings were documented until humane euthanasia
was performed. Pupillary light reflexes were assessed in Dogs
W, X, Y, and Z at 21 months of age. Vision was assessed
using a cotton ball tracking test as described previously
(Gelatt et al., 2013; Kick et al., 2021; Skerritt, 2018). Each
of the dogs was humanely euthanized at the point at which
behavioral changes and refractory seizure activity put them

at high risk for injuring themselves and their handlers due
to a combination of agitation, loss of coordination, and
aggression.

24 | Clinicopathologic analyses

Clinicopathologic analyses were performed at various ages
throughout disease progression in all dogs (Table 1). Dogs
were fasted for approximately 12 h before sample collec-
tions. Blood was collected for complete blood count (CBC;
EDTA-whole blood), chemistry panel, and cardiac troponin
(lithium heparin-whole blood). For urinalysis, urine was col-
lected by free catch during bladder expression under anesthe-
sia. Cerebrospinal fluid (CSF) was collected from the cerebel-
lomedullary cistern for immediate analysis.

2.5 | Plasma carnitine assay

Lithium heparinized whole blood samples were collected
from Dogs X, Y, and Z at 22.3 months of age for plasma car-
nitine analysis. Blood samples were centrifuged at 3200 RPM
(RCF 1545 X g; Unico PowerSpin MX, Datyon, NJ, USA) for
10 min, and supernatant plasma was separated and frozen at
—80°C. Frozen plasma samples were shipped on dry ice to
the University of California San Diego Biochemical Genetics
Laboratory for analysis.

Plasma free carnitine was assayed by stable-isotope dilution
with 50 uM 2Hs-carnitine (methyl-d3; Cambridge Isotope
Laboratories, Tewksbury, MA, USA) after deproteinization
with acetonitrile4+0.1% formic acid (1:5; by volume), cooling
for 10 min on ice and centrifugation at 17,136 X g and 5°C
for 5 min. Plasma total carnitine was obtained by alkaline
hydrolysis with 0.08 N potassium hydroxide after incubation
for 15 min at 65°C, following neutralization with equal
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TABLE 2  Ages at which dogs were euthanized
Dog Sex Age at euthanasia (months)
Dog V F 20.1
Dog W F 21.9
Dog X F 23.1
Dog Y F 23.4
DogZ M 23.4

equivalents of hydrochloric acid and then deproteinization,
as above.

Carnitine was analyzed in the supernatant (5 ul injec-
tion volume) by flow injection analysis (0.2 ml/minute of
60% acetonitrile+0.1% formic acid) in an API4000 triple
quadrupole mass spectrometer (Sciex, Framingham, MA,
USA) using the transitions m/z 161 (m/z 164, for d3-carnitine)
to m/z 85, and m/z 103 for confirmation, using collision ener-
gies of 29 v and 23 v, respectively. Source parameters were
collisionally activated dissociation 9, curtain gas 50, GS1 70,
GS2 40, ion spray 5000 v, and temperature 200°C. Quantifi-
cation was done against a calibration curve using 2, 12.5, 50,
75, and 150 uM carnitine.

2.6 | Microscopic evaluations
The five dogs evaluated in this study were euthanized
between 20 and 23.5 months of age (Table 2). Euthanasia was
performed when the dogs’ quality of life was assessed to be
compromised due to high risk of injury as a result of loss of
coordination and agitated behavior. Each euthanasia proce-
dure was performed between 5 and 6 h after the onset of the
light phase of the daily light cycle. The dogs were euthanized
via intravenous infusion of pentobarbital (15 ml of 390 mg/ml
pentobarbital Fatal-Plus solution, Dearborn, MI, USA). Tis-
sue collections commenced immediately after euthanasia and
were completed within 30 min. Tissues collected included
the entire brain, cervical and thoracic spinal cord segments,
and heart ventricular walls. Immediately after the brain was
collected from each dog, it was immersed in ice-chilled Plas-
maLyte (Baxter Healthcare, Deerfield, IL, USA) for 10 mins.
The brain was then cut into 4 mm thick coronal slices using
an Adult Rhesus monkey brain matrix (Electron Microscopy
Sciences, Hatfield, PA, USA). Half of each brain slice was
fixed in 2.0% glutaraldehyde, 1.12% paraformaldehyde,
130 mM sodium cacodylate, 1 mM CaCl,, pH 7.4 (EM Fix)
and the other half in 0.05% glutaraldehyde, 120 mM sodium
cacodylate, 1 mM CaCl,, pH 7.4 (Immuno Fix). Portions of
the other tissues were preserved in each of the same fixatives.
Portions of the samples preserved with EM Fix were post-
fixed in osmium tetroxide and embedded in epoxy resin (Katz
et al., 2005). Sections of these samples were cut at a thick-
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ness of 0.6 ym for light microscopy and 70-90 nm for elec-
tron microscopy. Sections for light microscopic examination
were stained with Toluidine blue, and sections for electron
microscopic examination were mounted on thin-barred cop-
per grids and stained with uranyl acetate and lead citrate. Light
microscopy was performed using a Leica DMI 6000B micro-
scope, and electron microscopy was performed using a JEOL
JEM-1400 transmission electron microscope equipped with a
Gatan digital camera.

A segment of each immuno-fixed sample was embedded in
paraffin and sectioned at a thickness of 5 um. Sections were
immunostained for localization of GFAP, Ibal, and LAMP2
as described previously (Kick et al., 2021; Morgan et al., 2013;
Schmutz et al., 2019; Villani et al., 2019). A sample of each
immuno-fixed tissue was washed in 170 mM sodium cacody-
late, pH 7.4 and embedded in Tissue Tek cryo-embedding
medium (Sakura FineTek, Torrance, CA, USA). Sections of
the cryo-embedded samples were cut with a Microm HM525
cryostat (Thermo Scientific, Waltham, MA, USA) at a thick-
ness of 8 yum. The sections were mounted in 107 mM sodium
cacodylate buffer on Superfrost Plus slides (Fisher Scientific,
Waltham, MA, USA) and were examined for NCL storage
body-specific autofluorescence as described previously (Katz
& Redmond, 2001).

2.7 | Statistical analyses

All statistical tests were performed using SigmaPlot (Systat
Software Inc., San Jose, CA). Normality was confirmed with
the Shapiro—Wilk test and equal variance with the Brown—
Forsythe test. Linear regression analysis was used to assess
age-related changes in whole brain volumes, ventricular sys-
tem volumes, and the ventricular system to whole brain vol-
ume ratios between 9.5 and 22.5 months of age.

3 | RESULTS

3.1 | MRI evaluations

Brain MRI at 9 months of age showed no significant abnor-
malities in the dogs except for lateral ventricle asymmetry
in dog Z (Figure 1c). MRI at 18, 20, 21, and 23 months of
age showed progressive diffuse brain atrophy, which included
diffuse thinning of the cerebral cortex, blunted cerebral gyri,
prominent widened sulci, increased prominence of cerebellar
folia, and decrease in the size of the interthalamic adhesion
(Figure 1). There was loss of gray and white matter distinction
and decrease in distinction of striatum. Thinning was noted in
the corpus callosum and internal capsule. Increase in CSF vol-
ume in the entire ventricular system became marked between
18 and 23 months of age (Figure 1d,e).
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23 months

FIGURE 1

Magnetic resonance (MR) images from dog Z at 9.5 (a and c), 18 (b and d) and 23 (c and e) months of age show progressive

diffuse brain atrophy evidenced by diffuse thinning of the cerebral cortex, blunted cerebral gyri and widened sulci (white arrow), prominent

cerebellar folia (red arrow), and reduction of the size of the interthalamic adhesion (black arrow). Progressive enlargement of the ventricular system

is also apparent (yellow arrows)

Quantitative analysis of three-dimensional reconstructions
of the brain using MR images demonstrated profound pro-
gressive disease-related brain atrophy. Average whole brain
volume decreased by approximately 24%, from 89,000 mm?
at 9.5 months of age (dogs X, Y, and Z) to 68,000 mm? at22.5
months of age (dogs W, Y, and Z) (p < .001) (Figure 2b). Over
the same age range, the average volume of the ventricular sys-
tem increased more than sevenfold (p < .001) (Figure 2a). The
average ratio of ventricular to whole brain volume increased
almost 10-fold (p < .001, Figure 2c).

3.2 | Neurologic signs

Onset of neurologic abnormalities occurred in all five dogs
between 12.0 and 14.1 months of age. Initial manifestations

of disease included subtle behavior changes that were noted
only at the time of neurologic examination: restlessness and
unwillingness to cooperate with the examiner. Proprioceptive
placement deficits were apparent in two of five dogs at this
age. At approximately 15 months of age, some dogs displayed
episodes of hyperactivity, and demeanor in one dog became
increasingly timid and skittish. Four of five dogs exhibited
proprioceptive placement deficits and in one dog general pro-
prioceptive ataxia became apparent. At 16 months of age, the
gait in all dogs showed mild general proprioceptive ataxia and
their stance was wide based. In all dogs, menace response was
inconsistent but visual tracking was normal. Temperament
changes included resistance to handling, unruly body move-
ments, and attempts to bite. After 16 months, the dogs became
quite agitated during the neurologic examinations. Therefore,
due to concerns of potential injuries to the examiners and the
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FIGURE 2 Between 9.5 and 22.5 months of age, the volume of the ventricular system (a) increased more than sevenfold, whole brain volume

(b) decreased by approximately 24%, and the fraction of the brain volume represented by the ventricles (c) increased almost 10-fold. All age-related

changes were statistically significant

dogs, the examinations were modified and abbreviated. At
17-19 of months, the gait showed progressively severe gen-
eral proprioceptive ataxia and onset of cerebellar ataxia. Pos-
ture showed wide base stance and subtle intention tremors
involving the head. At 20 months of age, one dog exhib-
ited food aggression behavior. At 21 months, visual deficits
included decreased visual tracking and bumping into obsta-
cles when navigating an unfamiliar area. Observed behavior
changes at this point included increasingly skittish demeanor,
overreactive responses to tactile stimuli (i.e., being petted
or handled), and periodic aggression toward handlers. At 22
months of age, onset of fly-biting seizures and occasional
focal myoclonic episodes involving the head and neck were
apparent. Episodes were controlled with phenobarbital ther-
apy. Cognitive decline was suspected in one dog due to lack
of focus and difficulty completing previously learned exam-
ination tasks (locating and eating meatballs placed approxi-
mately 10 feet from the dog). By 23 months of age, two of
the three dogs still alive showed decreases in prehension abil-
ity. The dogs were humanely euthanized due to more severe

TABLE 3 Approximate age at onset of neurologic disease signs in
CLNS5-affected Golden Retrievers

12—-14 months
12—16 months

Behavior changes

Proprioceptive deficits

General proprioceptive ataxia 16 months
Menace response deficits 16 months
Aggressive behaviors 20 months
Cerebellar ataxia and intention tremors 20 months
Decreased visual tracking 21 months
Seizure onset 22 months
Cognitive decline 22-23 months
Abnormal prehension 23 months

mentation changes, aggressive behavior, loss of coordination,
and myoclonic seizures. Neurologic signs and age of onset are
summarized in Table 3. The progression of selected disease-
related behavioral abnormalities and clinical signs are illus-
trated in Videos S1 and S2.
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3.3 | Clinical-pathological findings

CBC remained normal throughout all routine diagnostic
time points of this study. Serum chemistry profiles revealed
elevated phosphorus levels (8.2-9.2 mg/dl, normal 2.3—
5.0 mg/dl) in all dogs at the time of first diagnostic sample
acquisition around 7 months of age, with gradual decreases
over the following months. Phosphorus levels normalized in
four of five dogs by approximately 20 months of age, while
one dog had a persistently high level (5.6 mg/dl) through
time of euthanasia at 23 months of age. These changes were
consistent with normal age- and growth-related trends (von
Dehn, 2014). Mild low total protein levels (5.2-5.3 g/dl,
normal 5.4-6.9 g/dl) were also detected in four dogs at initial
sample acquisition around 7 months of age and resolved by
around 16 months of age. This was also considered an age-
related finding (von Dehn, 2014). Creatine kinase levels were
sporadically elevated (227-440 U/L, normal 40-226 U/L)
in all five dogs over the course of the study. Plasma cardiac
troponin concentrations remained within the reference range
(0.00-0.05 ng/ml) for all five dogs from 7 to 23.4 months of
age with one exception. In Dog X, the troponin concentration
rose from 0.02 ng/ml at 20 months of age to 0.16 ng/ml at
23.1 months.

Elevated blood glucose levels were observed in all five dogs
(125-200 mg/dl, normal 80-115 mg/dl), with onset at vary-
ing time points from 7 to 16 months of age and persisted at
subsequent diagnostic time points over the dogs’ lifespans.
Due to suspicion that this represented a stress-induced hyper-
glycemia response occurring when the dogs were moved from
their normal housing environment and anesthetized for diag-
nostic procedures prior to blood collection, isolated fasted
blood glucose levels were taken at two timepoints (20 and 21
months of age) during weeks in which no anesthetic proce-
dures were scheduled. These samples were taken in the dogs’
home environment with minimal handling prior to sample col-
lection to minimize exogenous stressors and were processed
using the same analyzers as for all prior blood analyses. Iso-
lated fasted blood glucose levels were within low to normal
range (65-95 mg/dl, normal 80—115 mg/dl) in all dogs at each
recheck. These data are consistent with the possibility that the
elevations in blood glucose levels were normal physiologic
responses to stress.

Routine urinalyses were largely unremarkable, except for
the urine specific gravity often within the isosthenuric range
(1.008-1.012). This was attributed to use of dexmedetomidine
during anesthetic procedures and resultant diuresis (Villela
et al., 2005), as well as maintenance intravenous fluid ther-
apy administered during anesthetic procedures prior to urine
sample collection. Results of CSF analysis were within refer-
ence ranges except an albuminocytologic dissociation in one
dog at 16.5 months of age.

3.4 | Plasma carnitine analyses

In the three affected dogs that were evaluated, plasma carni-
tine existed primarily in the free form and as the acetyl ester
(Table 4). C3-C18 fatty acid esters each represented only a
minor fraction of the total plasma carnitine. In the affected
dogs, mean plasma concentrations of both total and free car-
nitine were below the lower limit of the reference range for
healthy dogs (Table 4). The mean ratio of esterified to free
carnitine was slightly above the upper limit of the reference
range.

3.5 | Microscopic evaluations
Neurons throughout the brain and spinal cord of all five dogs
exhibited substantial accumulations of autofluorescent inclu-
sions with fluorescence properties typical of the NCLs. In
Figures 3 and 4 are representative micrographs showing these
accumulations in cerebral cortex, deep cerebellar nucleus, and
spinal cord. These inclusions are immunolabeled for the lyso-
somal membrane marker LAMP2 (Figure 5). Similar inclu-
sions were present in most other regions of the brain as well
as in the retina, as reported previously for the canine CLNS5
disease (Gilliam et al., 2015; Kick et al., 2021; Kolicheski
et al., 2016). Inclusions with similar autofluorescence prop-
erties were present in cardiac muscle fibers, primarily adja-
cent to the myocyte nuclei (Figure 6a). The inclusions closest
to the nuclei immunolabeled for the lysosomal marker pro-
tein LAMP2 (Figure 6b). No autofluorescent inclusions were
observed in cryostat sections of pancreas from any of the dogs.
The ultrastructure of the disease-specific cellular inclu-
sions from brain and spinal cord was evaluated. In brain and
spinal cord neurons, the contents of the storage bodies con-
sisted primarily of tightly packed membrane-like structures
(Figures 7 and 8). The arrangement of these structures varied,
even within the same cell, from lamellar to vesicular. Most of
the inclusions were between 1 and 6 ym in diameter.
Activated microglia and astrocytes, detected viaimmunola-
beling for Ibal and GFAP, respectively, are indicators of neu-
roinflammation in many progressive neurodegenerative dis-
orders (Carroll & Chesebro, 2019; Hampel et al., 2020; Kaur
et al., 2019; Kovacs, 2018; Liberman et al., 2019; Linner-
bauer & Rothhammer, 2020; Linnerbauer et al., 2020; Lynch,
2020; Stephenson et al., 2018; Wright-Jin & Gutmann, 2019),
including NCL disorders (Bible et al., 2004; Groh et al., 2013,
2016; Katz et al., 2020; Kay & Palmer, 2013; Macauley et al.,
2009; Mendsaikhan et al., 2019; Oswald et al., 2005; Pontikis
et al., 2004; Xiong & Kielian, 2013). In the CLNS-affected
Golden Retrievers, abundant activated microglia were present
in the spinal cord gray matter, the cerebellar cortex, deep cere-
bellar nuclei, and throughout the cerebral cortex (Figure 9).
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TABLE 4 Plasma carnitine concentrations for CLN5-affected Golden Retrievers

Plasma concentration (nmol/ml)

Total Free Acetyl ester Total esterified Esterified:free
Subject dogs” 13.77 £ 3.15 9.32 +2.62 3.66 + 0.47 4.44 +0.53 0.57 +0.14
Reference values” 17-43 17-38 - 0-23 0-0.54

*Values are mean + SEM for three dogs.
#As determined by the UCSD Biochemical Genetics Laboratory.

FIGURE 3 Fluorescence micrographs of unstained cryostat sections of cerebral cortex from dog V (a) and deep cerebellar nucleus from dog Y
(b). Almost all neurons in both regions of the brain contained massive numbers of autofluorescent inclusions

FIGURE 4 Fluorescence micrographs of unstained cryostat sections of cervical spinal cord from dog Y (a) and thoracic spinal cord from dog
X (b). Images show substantial accumulations of autofluorescent inclusions in ventral horn neurons. Bar in (b) indicates magnification of both
micrographs
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FIGURE 5
from dog V immunolabeled for LAMP?2 localization. Arrows indicate neurons with immunolabeled inclusions; arrowheads indicate glia with

Paraffin sections of cervical spinal cord ventral horn (a), occipital cortex (b), deep cerebellar nucleus (c) and cerebellar cortex (d)

LAMP2 immunolabel. Bar in (a) indicates magnification of all four micrographs

Likewise, substantial numbers of activated astrocytes were
present throughout the cerebellar cortex and cerebral cortex
(Figure 10). Activated astrocytes were much less abundant in
the deep cerebellar nuclei (Figure 10c) and were not observed
in the spinal cord gray matter.

4 | DISCUSSION

Canine models have played significant roles in the develop-
ment of therapeutic interventions for a number of hereditary

neurological disorders (Bockenhauer & Kleta, 2017; Fletcher
& Taylor, 2016; King et al., 2017; Kondagari et al., 2015; Par-
tridge & Rossmeisl, 2020; Topal et al., 2019). Among these
is the CLN2 form of NCL. Preclinical studies of enzyme
replacement therapy using a Dachshund model for this dis-
order led to the successful application of this approach for
treating children with CLN2 disease (Katz et al., 2014; Lewis
etal., 2019; Schaefers et al., 2021; Schulz et al., 2018; Vuille-
menot et al., 2015; Whiting et al., 2014). The canine CLN2
disease model is also being used to investigate gene and
stem cell-based approaches to treatment (Katz et al., 2015;
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FIGURE 6
section of heart ventricular wall muscle from dog X. Accumulations of

(a) Fluorescence micrograph of unstained cryostat

autofluorescent inclusions were present along the muscle fibers
(arrows). (b) Paraffin section of ventricular wall muscle from the same
dog immunolabeled for LAMP2 localization (arrows). Arrowheads in
both micrographs indicate the locations of muscle fiber cell nuclei

Katz, Johnson, et al., 2017; Tracy et al., 2016; Whiting et al.,
2016). Like the TPP1 enzyme encoded by the CLN2 (TPPI)
gene, the CLNS5 protein has been shown to be trafficked to
lysosomes (De Silva et al., 2015; Jules et al., 2017; Moharir
et al., 2013). Therefore, it appears likely that CLNS disease
will be amenable to similar approaches to therapy. The dog
model described in this study could facilitate evaluation of
these approaches to treatment and their adoption for treating
children with this disorder. Semen from dogs with the CLNS
disease variant suitable for use in breeding by artificial insem-
ination has been preserved so that affected dogs can be pro-
duced for therapeutic intervention studies.

In addition to strong correlations at the molecular level
(canine CLN5 has 92% homology with human CLNY),
the Golden Retrievers with the ¢.934_935delAG variant in
CLN5 recapitulate very well most clinical aspects of the
human disease (Basak et al., 2021). Observed neurologic
deficits manifest along similar timelines of disease relative

FIGURE 7
body in the perinuclear region of an occipital cortex neuron from dog X

Electron micrograph of a disease-specific storage

to the human and dog lifespans, although direct comparison
between humans and dogs with respect to age can be diffi-
cult. The affected dogs exhibit a robust disease phenotype,
the features of which can be assessed to evaluate the efficacy
of any potential therapeutic intervention within a reasonable
timeframe. For example, the affected dogs exhibited propri-
oceptive ataxia as early as 16 months of age that progressed
in severity over the next 5 to 7 months. Preservation of nor-
mal gait over this time period could be used as an objective
indication of therapeutic efficacy. Other progressive behav-
ioral and neurologic signs that could be used to assess the
efficacy of therapeutic interventions include loss of visual
tracking ability, loss of menace response, the development
of aggressive behaviors, intention tremors, cognitive decline,
and seizures. Quantitative measures have been developed for
assessing the development and progression of some of these
signs. For example, cognitive decline can be assessed by train-
ing the dogs to perform a task prior to the onset of disease
signs and then evaluating the decline in performance as the
disease progresses (Sanders et al., 201 1). Test performance on
cognitive tasks can be scored quantitatively, therefore lending
utility in comparing cognition at different points along disease
progression. This type of test could be useful in CLNS disease
therapeutic intervention studies.

Brain atrophy, as assessed with quantitative volumetric
MR, is a robust noninvasive indicator of disease progression
in the dog model that can be translated for human disease
research and treatment applications (Lobel et al., 2016). In the
affected dogs, brain ventricular volumes increased an average
of over sevenfold and whole brain volume decreased an aver-
age of 23% between 9.5 and 22.5 months of age. This degree
of brain atrophy likely underlies the development of most of
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FIGURE 8

Electron micrographs of disease-specific storage bodies in ventral horn motor neurons of cervical (a and b) and thoracic (c and d)

spinal cord segments from dog Y. Bar in (c) indicates magnification for all 4 micrographs

the neurobehavioral deficits in the affected dogs. Similar brain
atrophy has been reported in human subjects with CLN5 dis-
ease (Holmberg et al., 2000; Santavuori et al., 2001). Thus,
any therapeutic interventions that inhibit the progression of
this atrophy in the dog model are likely to be effective in
treating the human disease. The brain atrophy characteristic of
CLNS disease in both dogs and humans appears to be global
and is not restricted to specific brain regions or neuron types.
Therefore, to be most effective, any therapeutic intervention
would need to target the entire central nervous system.

The original identification of the canine CLN5 disorder
in Golden Retrievers was performed by evaluating privately
owned dogs (Gilliam et al., 2015). In a home environment, it
was possible to maintain the affected dogs up to as much as
34 months of age. At ages beyond the 23.4 months over which
the dogs in this study were followed, affected dogs developed
more severe aggressive behavior, seizures, visual impairment
and cognitive decline. In a research setting, it would be logisti-
cally and ethically difficult to allow the disease to progress to
the later stages, particularly due to the risks of injuries to the
dogs and their handlers. To assess the benefits of therapeutic
interventions using the dog model, it would likely be suffi-

cient to evaluate the efficacy of these interventions in inhibit-
ing the development and progression of signs that become
apparent by 2 years of age. However, if the design of a ther-
apeutic intervention study required following a control group
of dogs to late-stage clinical disease, for example to assess the
efficacy of therapeutic interventions initiated late in the dis-
ease progression, it would be beneficial to breed the disease
variant into a smaller dog breed in which the advanced dis-
ease signs could be more effectively managed in a research
setting.

CLNS5 disease, like most other NCLs, is an autosomal reces-
sively inherited disorder affecting both males and females
with equal frequencies. No sex differences in disease pheno-
types have been reported for human patients. Likewise, there
was no significant difference in clinical disease progression
and tissue pathology between the male and female littermates
evaluated in this study.

In previous studies, it has been demonstrated that other
forms of NCL are associated with low plasma concentrations
of carnitine (Katz, 1996; Katz & Siakotos, 1995), and that
in animal models dietary carnitine supplementation can slow
disease progression (Katz et al., 1997; Siakotos et al., 2001).
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FIGURE 9 Light micrographs of sections of thoracic spinal cord ventral horn (a), occipital cortex (b), deep cerebellar nucleus (c), and

cerebellar cortex (d) from dog Z. Sections were immunostained for Ibal, a maker for activated microglia. Representative immunostained cells are

indicated by arrows. Large neurons indicated by n. Bar in (a) indicates magnification for all four micrographs

The primary role of carnitine is facilitation of mitochondrial
fatty acid metabolism. Fatty acids are transported into mito-
chondria as carnitine esters where they are then metabolized
through beta oxidation for energy production (Adeva-Andany
et al., 2019; Bremer, 1983; Houten et al., 2020; Schlaepfer
& Joshi, 2020). In most mammals, including humans and
dogs, tissue carnitine levels are determined by a combina-
tion of dietary intake and endogenous biosynthesis (Bach,
1982; Duran et al., 1990; Giovannini et al., 1991). Carnitine

is biosynthesized from 6-N-trimethyllysine (TML) that is in
turn generated by the degradation of proteins in which specific
lysine residues have been enzymatically trimethylated (Maas
et al., 2020). In various forms of NCL, including CLNS5 dis-
ease, a major component of the lysosomal storage material
is the subunit ¢ protein of the mitochondrial membrane ATP
synthase complex (Frugier et al., 2008; Ranta et al., 2001;
Tyyneld etal., 1997). The subunit c protein contains two lysine
residues, one of which is trimethylated, both in mitochondria
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FIGURE 10 Light micrographs of sections of cerebellar cortex (a and b), deep cerebellar nucleus (c), and occipital cortex (d) from dog Z.

Sections were immunostained for GFAP, a maker for activated astrocytes. Representative immunostained cells are indicated by arrows. Layers of the

cerebellar cortex in (a) are molecular layer (m), Purkinke cell layer (p), and granule cell layer (g). Area shown in (b) is the white matter layer just

interior to the granule cell layer. Bar in (c) indicates magnification for all four micrographs

and in the NCL-specific storage bodies (Chen et al., 2004;
Katz et al., 1994, 1995). In previous studies, it was found that
plasma carnitine concentrations are low in the CLN8 form
of canine NCL and in human subjects with the CLN3 form
of NCL (Katz, 1996; Katz & Siakotos, 1995). Patients with
CLN3 disease had significantly lower plasma TML concen-
trations than their healthy relatives (Katz, 1996). These find-
ings suggested that TML derived from the normal turnover of
the subunit c protein is a major precursor for carnitine biosyn-
thesis. The finding that dogs with CLNS5 disease also have low

plasma carnitine levels is consistent with this hypothesis. It
is not known whether the low carnitine levels contribute to
the CLNS disease pathogenesis, but dietary supplementation
with carnitine did slow disease progression in mice and dogs
with the CLNS8 form of NCL (Katz et al., 1997; Siakotos et al.,
2001). The data from the Golden Retriever CLNS disease sug-
gest that studies should be undertaken to determine whether
blood levels of carnitine are low in children with this disor-
der, and if so, whether carnitine supplementation can have a
therapeutic benefit.
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Although the NCLs are primarily recognized as neurolog-
ical disorders, it has been established that cardiac pathology
also occurs in multiple forms of NCL in both human subjects
and in animal models, including dogs (Rietdorf et al., 2020).
However, to our knowledge, this is the first report of cardiac
pathology in CLNS disease. As with other canine NCLs (Katz,
Rustad, et al., 2017), dogs with the CLNS5 disorder exhib-
ited accumulation of lysosomal storage bodies in cardiac mus-
cle. Whether this was accompanied by cardiac dysfunction
was not determined. Cardiac pathology is often characterized
by elevations in blood levels of cardiac troponin. Among the
affected Golden Retrievers, one exhibited a modest elevation
in plasma troponin at about 23 months of age. The dogs had
to be euthanized before reaching end-stage neurological dis-
ease, so it was not possible to determine whether this was
an early indication of overt cardiac pathology late in the dis-
ease process that would have progressed over time. In dogs
with the CLN2 form of NCL, it was found that if lifespan
was extended with central nervous system gene therapy, there
was a pronounced progressive elevation in plasma cardiac tro-
ponin concentrations and development of cardiac dysfunction
(Katz, Johnson, et al., 2017). The data from the current study
suggest that similar cardiac pathology may become apparent
in the CLNS5 disorder late in the disease progression. Deter-
mining whether this is the case will be important in develop-
ing strategies for therapeutic interventions for this disease.

The ultrastructural appearances of the neuronal storage
body contents in the affected Golden Retrievers were simi-
lar to those reported for neuronal tissue from human CLN5
disease patients (Tyyneld et al., 1997), and from other dogs,
sheep and mice with CLNS5 disease (Frugier et al., 2008;
Gilliamet al., 2015; Kolicheski et al., 2016; Kopra et al., 2004;
Villani et al., 2019). The fact that the subunit ¢ protein of inner
mitochondrial membrane ATP synthase complex is a major
component of the storage bodies suggests that the membrane-
like components of these cellular inclusions may be derived
from mitochondrial membranes that enter the storage body-
forming pathway via autophagy. Apparently, insufficiency of
CLNS results in a specific impairment of subunit ¢ degrada-
tion, perhaps related to the hydrophobic nature of the subunit
c protein.

Neuroinflammation, reflected by activation of neural tis-
sue astrocytes and microglia, is a common feature of the
NCLs as well as other progressive neurodegenerative dis-
orders (Cervellati et al., 2020; Palmer et al., 2013; Shyng
& Sands, 2014). Astrocyte and microglial activation were
observed in the brain and spinal cord of the CLNS5-affected
dogs, indicating that these animals recapitulate this compo-
nent of the human disease process. There is evidence that
activated astrocytes and microglia contribute to neural tis-
sue pathogenesis (Groh et al., 2016, 2017; Kohlschiitter et al.,
2019; Macauley et al., 2014). It should be possible to assess
whether this is the case in the canine CLNS5 disease model
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by investigating whether pharmacological interventions that
inhibit glial activation have therapeutic benefits.

In conclusion, the canine disease associated with the CLNS
¢.934_935del AG variant is likely to serve as a good model for
developing a better understanding of the mechanisms under-
lying human CLN5 disease and for assessing the efficacy
of potential treatments for this disorder. The canine disorder
recapitulates the human disease phenotype very well. Data
from the dog model suggest potential novel approaches to
therapy. The discovery that dogs with this disorder have low
blood carnitine levels suggest that dietary carnitine supple-
mentation could have a therapeutic benefit, either alone or
in conjunction with another mode of therapeutic intervention.
The presence of widespread neuroinflammation suggests that
anti-inflammatory treatments directed to the central nervous
system may also ameliorate disease progression. Future stud-
ies that employ the canine model are likely to advance the
endeavor to develop an effective treatment for CLNS disease.
A sheep model for CLNS5 disease has already proven useful
in gene therapy studies (Mitchell et al., 2018; Murray et al.,
2021). The sheep and canine disorders are similar in many
aspects (Frugier et al., 2008; Mitchell et al., 2018; Murray
etal., 2021). For example, both are characterized by progres-
sive neurological signs, brain atrophy, and intracellular accu-
mulation of autofluorescent storage bodies in brain neurons.
Both the sheep and dog disorders appear to be good models
for the human disease. However, the dog model may be more
practical to use in most research settings.
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