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Background: Ceroid lipofuscinosis type 8 belongs to a heterogenous group of vision and life-threatening
neurodegenerative diseases, neuronal ceroid lipofuscinosis (NCL). Effective therapy is limited to a single
drug for treatment of ceroid lipofuscinosis type 2, necessitating animal disease models to facilitate further
therapeutic development. Murine models are advantageous for therapeutic development due to easy
genetic manipulation and rapid breeding, however appropriate genetic models need to be identified and
characterized before being used for therapy testing. To date, murine models of ocular disease associated with
ceroid lipofuscinosis type 8 have only been characterized in motor neuron degeneration mice.

Methods: C/n8”" mice were produced by CRISPR/Cas9 genome editing through the International Mouse
Phenotyping Consortium. Ophthalmic examination, optical coherence tomography, electroretinography, and
ocular histology was performed on C/z8” mice and controls at 16 weeks of age. Quantification of all retinal
layers, retinal pigmented epithelium, and the choriocapillaris was performed using images acquired with
ocular coherence tomography and planimetry of histologic sections. Necropsy was performed to investigate
concurrent systemic abnormalities. Clinical correlation with human patients with CLN§-associated
retinopathy is provided.

Results: Retinal degeneration characterized by retinal pigment epithelium mottling, scattered drusen, and
retinal vascular attenuation was noted in all C/z8” mice. Loss of inner and outer photoreceptor segment
demarcation was noted on optical coherence tomography, with significant thinning of the whole retina
(P=1e-9), outer nuclear layer (P=1e-9), and combined photoreceptor segments (P=1e-9). A global reduction
in scotopic and photopic electroretinographic waveforms was noted in all C/z8” mice. Slight thickening of
the inner plexiform layer (P=0.02) and inner nuclear layer (P=0.004), with significant thinning of the whole
retina (P=0.03), outer nuclear layer (P=0.01), and outer photoreceptor segments (P=0.001) was appreciated

on histologic sections. Scattered lipid vacuoles were noted in splenic red pulp of all C/z8” mice, though no
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gross systemic abnormalities were detected on necropsy. Retinal findings are consistent with those seen in

patients with ceroid lipofuscinosis type 8.

Conclusions: This study provides detailed clinical characterization of retinopathy in adult C/z8”" mice.

Findings suggest that C/z§”~ mice may provide a useful murine model for development of novel therapeutics

needed for treating ocular disease in patients with ceroid lipofuscinosis type 8.
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Introduction

The International Mouse Phenotyping Consortium (IMPC)
is a cooperative association that employs high throughput
mouse mutagenesis and comprehensive phenotyping with
the goal of creating the first functional encyclopedia of the
mammalian genome (1,2). Additionally, CRISPR/Cas9
genome editing through the IMPC facilitates production
and identification of murine models for human disease,
such as the recent creation of a bio-engineered neuronal
ceroid lipofuscinosis type 8 (CLN8) murine model with
ocular manifestation. Neuronal ceroid lipofuscinosis (NCL)
is a heterogenous group of progressive, life-threatening,
neurodegenerative disorders characterized by lysosomal
accumulation in multiple tissues of the central nervous
system (3). Progressive epilepsy with mental retardation
was recognized as a NCL subtype (CLN8) (4,5). CLN8
is an endoplasmic reticulum (ER) associated membrane
protein required for transfer of lysosomal enzymes from the
ER to the Golgi complex; deficiency leads to depletion of
soluble enzymes in the lysosome, thus impairing lysosome
biogenesis and lysosomal enzyme transport (6). Metabolic
radiolabeling has highlighted delayed lysosomal enzyme
maturation with CLN8 deficiency, which was rescued by
CLNS re-expression in CLN8-deficient cells obtained by
CRISPR/Cas9 genome editing (6).

Ocular symptoms such as retinal degeneration can be the
first sign of NCL disease and facilitate an early diagnosis (7).
Ocular manifestations of NCL are most commonly noted
with CLN3 (8,9), though retinopathy and visual deficits
associated with CLN8 have also been reported (10).

All NCL subtypes are unique inherited metabolic
disorders, limiting specific pharmacologic treatments to
single genetic forms, or groups of disorders that share an
underlying metabolic pathway defect (11). Development of
improved therapeutics is needed for the majority of NCL
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subtypes, with effective pharmacologic therapy limited
to a single clinically approved drug, Cerliponase alfa
(Brineura™, BioMarin Pharmaceutical Inc., Novato, CA,
USA), for treatment of CLN2 (12,13).

Murine models of human disease are an important
component in therapeutic development due to the relative
ease of genetic manipulation and short generational interval.
These models contribute to therapeutic development
through facilitating investigation of disease pathophysiology,
aiding in identification of therapeutic targets, and facilitating
initial assessment of efficacy of therapeutic approaches. To
date, murine models have been identified for CLNT1 (14-17),
CLN2 (18), CLN3 (17,19-28), CLN5 (29), CLNG6 (30),
CLNS8 (31-35), and CLN10 (36,37). Reports of retinopathy
characterization in murine models of NCL predominantly
describe findings in CLN3 (19,28), CNLS5 (38), CNL6 (39),
and CLN8 (32-35), though the available descriptions of ocular
disease associated with CLN8 are limited to homozygous
motor neuron degeneration (7nd) murine models. Neural
degeneration in the 7nd model results from spontaneous
defect in the murine orthologue of CLNS§ and exhibits
pathology similar to human NCLs (32,40).

Spontaneous mutations in CLN8 have also been identified
in canines (41-43)

To the authors’ knowledge, phenotypic characterization of
retinopathy in CLN8 murine models is limited to a report
of indirect ophthalmoscopic and electroretinographic
findings, and limited reports of histopathological changes in
mnd mice (33-35,40). The aim of this study was therefore to
define the clinical, electrophysiologic, and anatomic retinal
changes in a novel mouse model with targeted deletion
of Cln8. Complete characterization will better inform
the use of C/n8”" mice as animal models for development
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of improved therapeutics and management of CLN8
retinopathy in humans.

We present the following article in accordance with the
ARRIVE reporting checklist (available at https://dx.doi.
org/10.21037/atm-20-4739).

Methods
Study design

The study included one experimental group with Cln8”"
mice, and one control group with C57BL/6N wildtype.
All mice underwent an ophthalmic examination, ocular
imaging, electroretinography, and necropsy at 16 weeks of
age. Investigators were blinded to genetic profiles when
performing ophthalmic examinations, analysis of ocular
images, analysis of electroretinograms, and necropsies.
This report also reviews two cases of CLN8 in humans, to
highlight similarities with the murine model in this study.

Animals

Experiments were performed under a project license (No.
TACUC # 21824) granted by the Institutional Animal Care
and Use Committee at UC Davis, in compliance with the
National Institutes of Health (NIH) Guide for the Care
and Use of Laboratory Animals and the guidelines of the
Association for Research in Vision and Ophthalmology
Statement for the Use of Animals in Ophthalmic and Vision
Research.

All mice were housed and cared for in accordance with
the recommendations provided in the Guide for the Care
and Use of Laboratory Animals Eighth Edition. Mice were
cohoused by gender groups of 4-5 animals per cage in
individually ventilated cages (optimice IVC, Animal Care
Systems, Centenniel, CO) on a 12:12 hour (06:00-18:00)
light cycle. Temperature ranges in the room are maintained
between 68-79 °F and mice are maintained on standard
laboratory rodent chow (Rodent chow, Envigo 2918).

To study the in vivo function of Cln8, gene-specific
knockout mice (C/n8”") were generated using CRISPR/
Cas9 genome editing. Briefly, one-cell state C57BL/6N
zygotes were harvested from super ovulated female
mice and electroporated using standard protocols with a
ribonucleoprotein (RNP) consisting of Cas9 protein and
two synthetic guide RNAs (gRNA) internal to the coding
region of exon 1 (CGGCCAAAGAGAAGGTCTTC
& GGCGTCCAGAGCACAACTGC). The deletion

© Annals of Translational Medicine. All rights reserved.
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causes a frameshifted transcript of all known isoforms,
effectively resulting in a null allele by nonsense protein/
early termination and potential for nonsense mediated
decay (NMD) of the transcript. Embryos were surgically
transferred into the oviducts of pseudopregnant CD1
female mice. After gestation and littering, pre-weaned
mouse pups were sampled and genetically tested by end-
point PCR and sequencing to definitively identify founder
mice harboring the desired internal frameshift deletion.
Subsequent germline transmission mice (N1) were further
sequenced to confirm the desired deletion which consists
of a 53 bp deletion (GGTCTTCTGGAACCTGGCGG
CGACGCGTGCTGTCTTCGGCGTCCAGAGCAC
AA) of the 183 to 235" coding nucleotides which creates
an early stop signal within exon 1, preceded by 28 amino
acid nonsensical sequence. After weaning, sexually mature
mice with confirmed germline transmission of the desired
deletion allele were backcrossed two generations before
intercrossing heterozygous mice to generate homozygous
knockouts. Sex (male and female) and Mendelian (zygosity)
ratios were normal as expected. In total, five heterozygous
breeding trios produced a total of 133 pups with normal
male and female distribution. The zygosity distribution was
reported to be 45.9% heterozygous, 29.3% homozygous
and 24.8% wildtype. Overall, breeding and animal health
were within normal expectations for this mouse line and no
observable abnormalities were observed during production
or while maintaining these mice. For this study, 3 C/n8”"
mice were available for analysis, and 2 wildtype, and 1
Cin8”~ mouse were chosen as age-matched controls.

Opbthalmic examination

Complete ophthalmic examinations were performed on
both eyes of 3 Cln8”", 1 Cln8"", and C57BL/6N wildtype
mice at 16 weeks of age. A standardized operating protocol
for evaluation of ocular and adnexal structures was followed
at the UCDavis study site (https://www.mousephenotype.
org/impress/protocol/267/7) and were carried out by
experienced technical support staff trained to identify and
differentiate background lesions common in the C57BL/6N
strain (44). Examiners were overseen by lead site scientists
who subsequently reviewed all phenotypes. Pupillary
light reflexes were evaluated, the eyelids, third eyelid,
conjunctiva, sclera, cornea, iris, and anterior chamber were
examined using broad beam illumination at the highest
intensity setting (Kowa SL-15, Kowa, Tokyo, Japan, or
equivalent) with magnification set at 16X. The irides of all
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mice were then pharmacologically dilated with a solution of
1:7 10% phenylephrine HCI (Akorn Inc., Lake Forest, IL,
USA, or equivalent): 1% tropicamide (Bausch & Lomb Inc.,
Tampa, FL, USA, or equivalent). A 0.1 mm slit beam at the
highest intensity setting was used to evaluate the anterior
segment (cornea, anterior chamber, and lens), followed by
evaluation of the retrolental region of the vitreous.

Fundus examinations were performed via indirect
ophthalmoscopy using a 60 Diopter double aspheric
handheld lens (Volk Optical Inc, Mentor, OH, USA or
equivalent) and a portable indirect headset (Keeler AllPupil
II LED Vantage Plus Wireless Headset, Keeler Instruments
Inc., Broomall, PA, USA).

Ocular imaging

A cocktail of ketamine/medetomidine (100/0.3 mg/kg)
was administered intraperitoneally to induce anesthesia in
all mice undergoing ocular imaging. Fundus photographs
were acquired with the Micron III (Phoenix Research
Laboratories, Pleasanton, CA, USA).

OCT imaging was performed with an Envisu R2200 SD-
OCT (spectral-domain OCT; Bioptigen-Leica, Wetzlar,
Germany), after dilatation with both tropicamide 1% and
phenylephrine 2.5%. Thickness of the total retina, nerve
fiber layer, retinal ganglion cell layer, inner plexiform layer,
inner nuclear layer, outer plexiform layer, outer nuclear
layer, combined inner and outer photoreceptor segments,
retinal pigmented epithelium, and choriocapillaris were
manually measured at a distance of ~0.2 mm from each
side of the optic nerve using calipers in Image] software
according to established guidelines (45). Measurements
from both sides of the optic nerve head and between left
and right eyes were averaged for each animal.

Electroretinography

Following a 12-hour dark adaptation period, the mice received
a cocktail of ketamine/medetomidine (100/0.3 mg/kg)
intraperitoneally to induce anesthesia. A single drop of
both tropicamide 1% and phenylephrine 2.5% was used
for dilation, and the ocular surface was lubricated with
methylcellulose-containing artificial tears. Standard full
field scotopic and photopic electroretinography (ERG) was
performed on both eyes with LKC Big Shot with a Ganzfeld
dome (LKC Technologies Inc., Gaithersburg, MD, USA).

For quantitative comparisons, measurements were averaged

© Annals of Translational Medicine. All rights reserved.

Salpeter et al. Retinal degeneration in CIn8”~ mouse model

between the two eyes of each animal.

Histology

Eyes were removed and immediately fixed in 2.5%
glutaraldehyde and 2% paraformaldehyde in 0.1 M
sodium phosphate buffer. Parasagittal sections of eyes
were processed routinely for histopathology, embedded in
paraffin, sectioned at 5 pm, and stained with hematoxylin-
eosin (H&E). Retinal layer measurements were taken of
total retina, nerve fiber layer, retinal ganglion cell layer,
inner plexiform layer, inner nuclear layer, outer plexiform
layer, outer nuclear layer, inner photoreceptor segment,
outer photoreceptor segment, retinal pigmented epithelium,
and choriocapillaris on imaged H&E sections as described
above for OCT images.

Immunobistochemistry

Sections were deparaffinized using three changes of xylenes
for 5 minutes each. The tissue sections were then stepwise
hydrated by submersion in 100% ethanol (twice), 95%
ethanol, 75% ethanol, and distilled water—5 minutes per
step. Heat-induced epitope retrieval was then performed
with ImM EDTA, pH 8.0. The tissue sections were then
blocked for 30min in blocking solution (4% BSA and 0.5%
Triton X-100 in PBS) at ambient temperature. Primary
antibodies (rabbit anti-cleaved PARP-94885S Cell Signaling
@ 1:100, mouse anti-rhodopsin-MABN15 Sigma-Aldrich
@ 1:1,000) were then incubated overnight at 4C. The slides
were washed three times in with PBS for five minutes each.
Alexa Fluor conjugated secondary antibodies (A32723 and
A32740- ThermoFisher Scientific) were incubated for an
hour followed by a 5-minute incubation in DAPI (1 pg/mL).
The tissue sections were washed with PBS three times for
five minutes each. Finally, the slides were cover slipped with
FluorSave Reagent (Millipore, 345789).

TUNEL

Detection of apoptotic cells was conducted using ApopTag®
Fluorescein In Situ Apoptosis Detection Kit (S7110, Sigma-
Aldrich). Sections were deparaffinized and hydrated like
the immunohistochemistry method and then treated with
proteinase K (20 pg/mL) at ambient temperature. The tissue
sections were then washed twice with PBS for 2 minutes
each. The tissue sections were equilibrated and the TdT

Ann Transl Med 2021;9(15):1274 | https://dx.doi.org/10.21037/atm-20-4739
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Figure 1 Fundus images of wildtype, C/n8"", and Cln8”" mice. (A) Fundus of wildtype C57BL/6N rd8§ mouse and (B) C/n8”~ mouse with

mild retinal dysplasia and normal retinal vasculature. (C) Fundus of C/#n8”~ mouse with optic nerve pallor, retinal vascular attenuation, and

diffuse retinal pigment epithelium mottling.

enzyme was applied for an hour at 37 °C. The reaction was
then stopped with the stop buffer and the sections were
washed three times in PBS for 1 minute each. The anti-
digoxigenin conjugate was then applied for 30 minutes at
ambient temperature followed by a 5-minute incubation
with DAPI (1 pg/mL). The sections were washed 4 time in
PBS for 2 minutes each. Finally, the slides were cover slipped
with FluorSave Reagent (Millipore, 345789). TdT enzyme,
equilibration buffer, stop buffer and anti-digoxigenin
conjugate were provided with the kit.

Necropsy

Routine necropsy was performed at the UC Davis IMPC
location on all Cln8™", CIn8"", and wildtype mice immediately
following CO, euthanasia at 16 weeks of age. Samples were
taken from all major internal organs, processed routinely for
histopathology, and stained with H&E.

Clinical cases

The study was conducted in accordance with the
Declaration of Helsinki (as revised in 2013). The study
was approved by the Institutional Review Board of Emory
University (No. MODCRO001-IRB00024817). Both patients
provided written permission to contribute clinical data to
this research article.

Descriptions of the ophthalmic findings from routine
ophthalmologic examination are provided for the sibling
pair of CLN8 patients. Retinal imaging was acquired,
including ultrawide field color fundus imaging (Optos,
United Kingdom) and spectral domain OCT (Zeiss Cirrus

© Annals of Translational Medicine. All rights reserved.

instrument, Germany).

Statistical analysis

For comparisons of retinal layer thicknesses between C/n§™"
and control (C/z8"~ and/or wildtype) mice on OCT images
and H&E sections, a 2-tailed Student’s #-test was performed.
A P value <0.05 was considered statistically significant.

Results
Ophthalmic examination

On ophthalmic examination of the anterior segment,
standard background lesions previously described for
C57BL/6N 7d8 mice were noted in both eyes of all Cln§™",
Cin8"", and wildtype mice (44). These lesions included: mild
mucoid ocular discharge, subtle incipient nuclear cataracts,
and small vitreous accumulations of crystalline appearing
material and pigment.

On fundus examination, retinal pathology in the eyes
of wildtype (Figure 1A4) and CIn8"~ (Figure 1B) mice was
limited to mild to moderate retinal dysplasia, as previously
described amongst background lesions for the C57BL/6N
strain (44). By comparison, diffuse retinal degeneration was
noted in all homozygous knockout eyes, characterized by
retinal pigment epithelium mottling in all retinal quadrants,
and retinal vascular attenuation (Figure 1C).

Optical coberence tomography (OCT)

Retinal measurements and their associated P values

Ann Transl Med 2021;9(15):1274 | https://dx.doi.org/10.21037/atm-20-4739
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Table 1 Using optical coherence tomography, thickness measurements of the entire retina, individual retinal layers and the choriocapillaris were

acquired from C/n8” and control mice

Measurement Group Mean (um) P value Standard error
Whole retina Control, CIn8™" 198, 126 1.0e™* 10.4
Retinal nerve fiber layer/ganglion cell layer Control, CIn8™"~ 18,17 0.31 0.9
Inner plexiform layer Control, CIn87"~ 43, 41 0.21 4.5
Inner nuclear layer Control, CIn8™"~ 22,22 0.23 1.1
Outer plexiform layer Control, CIn8”~ 12,12 0.17 0.6
Outer nuclear layer Control, CIn8”~ 53,12 1.0 1.2
Combined inner and outer photoreceptor segments Control, CIn8™"~ 46,19 1.0e* 0.8
Retinal pigmented epithelium Control, CIn87"~ 9,9 0.06 0.3
Choriocapillaris Control, CIn8”~ 55 0.23 0.2

Measurements were taken at approximately 0.2 mm on either side of the optic nerve and averaged for each eye. N=3 for each group. *,

significant differences are demarcated.

collected from C/n8”" and control mice using OCT
are represented in 7zble 1. Distinct inner and outer
photoreceptor segments could not be distinguished in
images from any eye of C/n8”™ mice, whereas a clear 1S/
OS junction (aka ellipsoid zone) distinction was notable
between segments in images from control eyes. Whole
retinal thickness in C/n8”~ was significantly thinner than
controls (P=1e”, SE =10.4), with significant differences
noted in outer nuclear layer (P=1e”, SE =0.1.2), and
combined photoreceptor inner and outer segments (P=1¢”,
SE =0.8). There was no significant difference noted in
retinal nerve fiber layer (P=0.3, SE =0.9), inner plexiform
layer (P=0.2, SE =4.5), inner nuclear layer (P=0.2, SE
=1.1), outer plexiform layer (P=0.2, SE =0.6), or retinal
pigmented epithelium (P=0.06, SE =0.3) thickness between
groups. Comparative OCT b-scans from Cin8”", Cln§™",
and wildtype mice with a bar graph illustrating mean
retinal layer measurements are represented in Figure 2.

Electroretinography

A globally reduced ERG waveform, with severely reduced
a- and b-waves, was noted in all C/z8”~ mice compared to
those of wildtype and C/z8”" mice. Representative ERG
waveforms from Cin8”", Cln8"", and wildtype mice are
shown in Figure 34-3C.

Quantitative comparisons of the stimulus-response curve
illustrating mean a- and b-wave amplitudes are represented

© Annals of Translational Medicine. All rights reserved.

in Figure 3D,3E.

Histopathology

Retinal measurements and their associated P values
collected from histologic sections of C/z8”" and control
mice are presented in Table 2. Whole retinal thickness in
CIn8”" was significantly thinner than controls (P=0.03,
SE =14.0), with statistically significant thinning of the
outer nuclear layer (P=0.01, SE =2.3), and photoreceptor
outer segments (P=0.001, SE =2.8) in C/n8”" mice. Slight
increases in thickness were noted in the inner plexiform
layer (P=0.02, SE =3.0) and inner nuclear layer (P=0.004,
SE =1.5) of CIn8”" mice. There was no significant difference
noted in retinal nerve fiber layer (P=0.5 SE =2.6), outer
plexiform layer (P=0.1 SE =0.8), photoreceptor inner
segments (P=0.5, SE =1.4), or retinal pigmented epithelium
(P=0.17, SE =0.3) thickness measurements between groups.
Comparative values obtained from H&E sections from
Cin8” and control mice are represented in Figure 4.

"To determine the retinal neurons most susceptible to cell
death in the absence of CIn8, TUNEL labeling and cPARP
immunohistochemistry were used to identify apoptotic cells.
TUNEL labeling was found in the outer nuclear layers in
CIn8”" mice but not in controls. Many rhodopsin positive
rod photoreceptors were positive for cPARP in C/n8™"
mice, but not in controls (Figure 5). These findings suggest
rod photoreceptors are the most vulnerable in the absence

Ann Transl Med 2021;9(15):1274 | https://dx.doi.org/10.21037/atm-20-4739
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Figure 2 Comparison of OCT between wildtype, C/n8"", and C/n8”~ mice. (A) Retinal architecture in a wildtype C57BL/6N 74§ mouse,

and (B) in a Cln8”™ mouse. (C) OCT of a Cln§”™ mouse retina demonstrating marked outer nuclear layer thinning, a loss of definition

in the inner and outer segments of the photoreceptors, and diffuse retinal thinning. (D) Bar graph showing mean retinal layer thickness

measurements in C/z8”~ and control mice on OCT images. *, statistical significance, P<0.05 two-tailed student’s z-test. RNFL/GCL, retinal

nerve fiber layer/ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear

layer; PRS, photoreceptor segments; RPE, retinal pigmented epithelium; CC, choriocapillaris.

of CIn8 and undergo profound apoptosis. Furthermore,
their outer segments, marked by rhodopsin, are shortened,
suggesting a role for Cln8 in outer segment elaboration and
morphology.

Necropsy

All organ systems were unremarkable on gross examination
in C/n8”"" mice, however on histologic examination
scattered lipid vacuoles were noted in splenic red pulp of all
knockout mice. Observations in control mice was limited to
identifying an enlarged heart in 1/3 control mice.

Clinical correlation

/-

The abnormalities seen on retinal imaging of C/z8” mice

were compared with humans with confirmed CLNS8-

© Annals of Translational Medicine. All rights reserved.

asociated retinopathy. We include follow up clinical
evaluation and fundus features of the individuals described
by Sanchez et 4i. (10).

Case 1 is a now 20-year-old Hispanic female who
presented with decreased central vision at around age 13 years
and well controlled generalized tonic clonic seizures (GTC)
since age 7 years of age as reported by Sanchez ez al. (10).
She has a diagnosis of CLN8 based on a likely pathogenic
deletion encompassing the entire CLN8 gene and a ¢.200C>T
(p-A67V) variant of unknown significance on this gene
confirmed in #rans, and electron microscopy of lymphocytes
showing intracytoplasmic inclusions. She was noted to have
cystoid macular edema (CME) bilaterally, with visual acuity
of 20740 OU at time of initial report and more recently OD
20/80 +2 and OS 20/100. On follow up ophthalmologic
evaluation she had attenuated vasculature with cystoid
macular edema and diffuse retinal pigment epithelium

Ann Transl Med 2021;9(15):1274 | https://dx.doi.org/10.21037/atm-20-4739
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Figure 3 Comparison of electroretinography tracings in wildtype, Cln8"”", and Cln8” mice. With scotopic bright flash (0 dB), normal

tracings are present in a (A) wildtype C57BL/6N 748§ mouse and (B) C/n8”~ mouse, with reduced a- and b-wave amplitudes in a C/z8”~ mouse

(C). Line graphs denote mean a-wave (D), and b-wave (E) amplitudes at varying stimulus intensities in C/z8” (n=3) and wildtype (n=4) mice;

note the severely reduced a- and b- wave amplitudes in C/z8” (dashed lines) compared to wildtype (solid lines) mice. Error bars represent
SEM.

Table 2 Histology measurements collected from Clz8”" (n=3) and control (n=3) mice

Measurement Group Mean (um) P value Standard error
Whole retina Control, CIn8™"" 156, 124 0.03* 14.0
Retinal nerve fiber layer/ganglion cell layer Control, CIn8™"~ 12, 11 0.53 2.6
Inner plexiform layer Control, CIn8"" 22, 36 0.02* 3.0
Inner nuclear layer Control, CIn8™"~ 27, 32 0.004* 1.5
Outer plexiform layer Control, CIn8~ 10, 8 0.14 0.8
Outer nuclear layer Control, CIn8"~ 46, 23 0.01* 2.3
Inner photoreceptor segment Control, CIn8"~ 14,12 0.46 1.4
Outer photoreceptor segment Control, CIn8"~ 15,4 0.001* 2.8
Retinal pigmented epithelium Control, CIn8™"~ 6,6 0.17 0.3
Choriocapillaris Control, CIn8"~ 3,5 0.3 0.6

Histologic sections were chosen at the level of the optic nerve and measurements were taken approximately adjacent to the optic nerve
head in the posterior retina. *, statistical significance, P<0.05 student’s t-test.

© Annals of Translational Medicine. All rights reserved.
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Figure 4 Comparison of histologic retinal sections between Cln§” and control mice. (A) Retinal architecture in control CS7BL/6N 7d$§

mouse. (B) H&E of a C/n8”" mouse retina demonstrating mild thickening of the inner plexiform and inner nuclear layer, with marked

outer nuclear layer thinning and whole retinal thinning. (C) Bar graph showing mean retinal layer thickness measurements in histologic

sections of C/n8”~ (n=3)and control (n=4) mice. *, statistical significance, P<0.05 two-tailed student’s #-test). Histology images taken at x40.

RNFL/GCL, retinal nerve fiber layer/ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer;

ONL, outer nuclear layer; IS, inner photoreceptor segment; OS, outer photoreceptor segment; RPE, retinal pigmented epithelium; CC,

choriocapillaris.

mottling (Figure 6) as well as trace posterior subcapsular
cataract (PSC). Spectral domain OCT had demonstrated
macular cystic change and diffuse macular schisis involving
the outer nuclear and the outer plexiform layers. In the past
year, OCT showed the retinal CME persists but has had mild
improvement. Goldmann visual field (GVF) revealed large
central scotomas bilaterally which have been stable on follow
up. She has had one breakthrough seizure described as GTC
after original report that lasted 5 minutes and post-ictal state
of 10 minutes with sleepiness. She has been well controlled
with Keppra since this episode. No repeat brain imaging has
been done. Following the original report, she had formal

© Annals of Translational Medicine. All rights reserved.

psychological evaluation showing anxiety and depression but
normal cognitive function.

She has had a prior diagnosis of ADHD but is currently
not treated for this.

Case 2 is now a 28-year-old Hispanic male sibling of
Case 1, with history of decrease in night vision starting
at age 5 years old and seizures starting at age 16 years as
previously reported. Molecular testing revealed the same
variants as his affected sibling on the CLN§ gene. At age
22 years his visual acuity was OD 20/25 and OS 20/30
which remained unchanged at age 28 years. Fundus exam
originally revealed pallor of optic nerves, attenuated

Ann Transl Med 2021;9(15):1274 | https://dx.doi.org/10.21037/atm-20-4739
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Figure 5 Photoreceptors undergo apoptosis in the absence of Cln8. Control retinal sections (top row) show no TUNEL-positive nuclei and

no cPARP-positive cells in the rhodopsin labeled outer nuclear layer. C/z§”" mice (bottom row) have numerous TUNEL-positive cells in

the outer nuclear layer. Many rhodopsin-positive rod photoreceptors are also cPARP-positive in CIn8 knockouts. Furthermore, rhodopsin

.. . . "a . . . .
positive outer segments are much shorter in C/z8” mice than controls. Scale bar in right column represents 10 microns.

Scan Angle: 0° Spacing: 0.25 mm Length: 6 mm

Figure 6 Bilateral fundus images showing attenuated vasculature and diffuse retinal pigment epithelium mottling. OCT of the right eye

showing cystoid macular edema.

vasculature, peripheral bone spicules and diffuse retinal
pigment epithelial mottling. On recent follow up, fundus
examination and ultrawide field color fundus imaging
showed mid-peripheral bone spicules and mild attenuation
of vasculature (Figure 7). OCT showed no CME and
fundus autofluorescence showed scattered macular areas of
decreased and increased intensity. Since the initial report

© Annals of Translational Medicine. All rights reserved.

he has had one witnessed generalized tonic clonic seizure
lasting less than one minute in the setting of weaning
of his anti-epileptic medication which has since been
adjusted.

He has not had any recent brain imaging and has not had
a formal psychoeducational evaluation, but he has a master’s
degree in engineering and continues to work full-time job
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Spacing:  0.25 mm

Length: 6mm

Figure 7 Fundus images showing pallor of optic nerves, attenuated vasculature, mid-peripheral bone spicules and diffuse retinal pigment

epithelial mottling. The nasal and temporal sides of the macular OCT show outer retinal thinning and loss of the IS/OS junction similar to

that seen in mice

living independently.

Discussion

This study details the phenotypic attributes of retinal
degeneration in C/z8”" mice using several testing modalities
at 16 weeks postnatal age, providing a promising murine
model for CLN8 ophthalmic disease in humans.

The single previous report with indirect ophthalmoscopic
findings in mnd mice reports similar retinal pathology to
that noted in this study: severe retinal vessel attenuation,
focal and diffuse loss of pigment epithelium, and patches of
pigment deposits (33). These lesions were not appreciable
until approximately 5 months of age in the aforementioned
study, while similar abnormalities were detected in this
study by 4 months of age. This variation in timeline may
be due to differences between the spontaneous mutation in
mnd mice and the targeted C/n§ deletion in this study, or
due to strain-specific background differences. Chang er al.
used backcrossing of mice with a spontaneously occurring
CIn8 mutation (33), while the current study employed
engineered C/n8 gene knockout. Moreover, genetic
background has been shown to affect the age of onset,
speed of progression, precise neurological symptoms and
type of cells affected in mnd mice (46). The aforementioned
study used outcrossed C57BL/6] x AKR/] mice. A slightly
more rapid retinal degeneration may be secondary to
the rd8 mutation present in the C57BL/6N mice used
in the current study, though it is difficult to definitively
determine the secondary effect of the background strain,
as the C57BL/6] strain wildtype mice also possess the rd8
mutation without displaying the phenotype (44). Published

© Annals of Translational Medicine. All rights reserved.

electroretinography abnormalities in mnd mice closely
resemble those found in this study, with barely detectable
waveforms only with the brightest stimulus by 5 months of
age, and undetectable waveforms with single-flash methods
at 6 months of age (33).

Previous histologic evaluation of retinal changes in
mnd mice noted reduced numbers of photoreceptors and
significant reduction in outer nuclear layer thickness, with
one study noting the onset of these changes at 5 weeks of
age (33), while another study documented photoreceptor
layer atrophy in mice older than 3 months of age (40).

These changes are consistent with the reduced outer
nuclear layer and photoreceptor segment thinning
appreciated on OCT and histology in this study. Another
study found that a prominent feature of photoreceptor
degeneration in 7znd mice was the persistent and progressive
shortening of photoreceptor outer segments, while
shortening of inner segments was less pronounced and
occurred at a much later stage of degeneration (35). The
histologic findings in the current study support this finding,
in which significant thinning was noted in outer but not
inner photoreceptor segments of C/z8” mice.

While this study and previous reports (33,40) noted
significant thinning of the outer retina in CLN8 murine
models, Groh et al. (17) described predominant thinning
of the inner retina in CLN1 and CLN3 murine models.
Significant thinning of the nerve fiber layer, ganglion cell
layer, inner plexiform layer, and inner nuclear layer was
appreciated in 7-month-old CLN1 mice and 16 month old
CLN3 mice (17). Although this variation in retinal layer
predilection may reflect differences in pathophysiology
amongst CNL diseases, it is interesting to note that PAS
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staining inclusions have been noted in retinal ganglion
cells of mnd mice (33,34). Ultrastructural examination
of the retina was not available in the current study and
was thus unable to investigate intracellular changes such
as inclusions. Further studies are warranted to evaluate
intracellular changes in CLNS8 retinal layers.

Variation in phenotypic presentation of retinopathy has
been noted in humans with mutations in CLN§, with main
ocular lesions ranging from cystoid macular edema, diffuse
macular schisis, optic disk atrophy, peripheral bone spicules,
and retinal atrophy (10,47,48). Significant similarities are
noted between the limited descriptive reports available of
retinopathy in humans with CLN8 and C/z8” mice of this
study, including attenuated retinal vasculature and diffuse
retinal pigment epithelial mottling (10).

Additionally, attenuated rod and cone photoreceptor
function was noted in numerous reports of CLN8 in humans,
similar to that noted in the current study (10,47-49).

No gross abnormalities were noted in the brain or other
extraocular organs in C/n8”" mice on necropsy in this study,
though scattered lipid vacuoles were noted in splenic red
pulp of all Cz§”" mice. This contrasts with reports of non-
ophthalmic cellular pathology in mnd mice, encompassing
cytoplasmic inclusion material in liver, heart, smooth and
skeletal muscle, lamina propria of the intestine, pancreatic
ducts, uterine glands, endothelial cells in the skin, and renal
tubular epithelial cells (40). This difference in affected
organs may be due to different levels of tissue evaluation,
as ultrastructural analysis in the current study may have
identified inclusions in organs lacking gross histologic
abnormalities. In addition, specialized systems within each
organ were not individually analyzed, such as the retinotectal
system, which may have improved our ability to detect
subtle lesions. None of the C/n8” mice displayed obvious
CNS (Central Nervous System) abnormalities however,
such as premature death or seizures, which may support
the absence of lesions noted in CNS organs on necropsy
and histopathology in the current study. Non-ophthalmic
abnormalities well documented in humans include cerebral
and cerebellar atrophy, as well as white matter changes
(47-50). Further studies are warranted to investigate gross
CNS pathology in murine models of CLNS.

Limitations of the current study include a small study
population and the cross-sectional nature of data collection
at a single time point. Although a small study population
may have resulted in discordant inner nuclear and inner
plexiform layer measurements between groups in OCT
and H&E images, the difference in layer thickness between

© Annals of Translational Medicine. All rights reserved.
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these modalities is small and could be related to tissue
fixation and processing. Significant thinning of the outer
nuclear layer, outer photoreceptor segments, and whole
retina in mice with C/n8”~ were detected with confidence.

Additionally, a clear clinical and electrophysiologic
phenotype could be described with the small number of
study animals.

Despite minor limitations of this study, the overall
similarities of ocular pathology in C/z8”" mice with the
human disease suggests strong potential as a murine
model for testing therapies in preclinical models. Future
longitudinal studies with a larger study population are
warranted to determine developmental onset and possible
progression of retinal degeneration. Such studies would
inform ideal ages for assessment of therapeutic strategies
aimed at preventing or mitigating the visual consequences
in this murine model that would be most translatable to the
treatment of the human disease.

Conclusions

In conclusion, C/z8”~ mice provide a potential alternative
murine model for retinopathy in patients with CLN8 due to
similar anatomic and electrophysiologic retinal pathology.
This animal model may serve as a tool for therapeutic
development and disease management.
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