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Purrosk. Late infantile neuronal ceroid lipofuscinosis (NCL) is
an inherited disorder characterized by progressive vision loss.
The disease results from mutations in the TPP1 (CLN2) gene.
Studies were undertaken to characterize the effects of a TPP1
frameshift mutation on the retina in Dachshunds.

MEeTHODS. A litter of four puppies consisting of one homozy-
gous affected dog, two heterozygotes, and one homozygous
normal dog were monitored for neurologic and retinal changes
through 10 months of age. The affected and homozygous
normal dogs, as well as one of the heterozygotes, were then
euthanatized, and the retinas were examined morphologically.

ResuLts. The affected dog exhibited normal visual behavior and
retinal function at 3 months of age, but vision was clearly
impaired by 7 months, with markedly reduced ERG b-wave
amplitudes. Beyond 7 months of age, the affected dog was
functionally blind, and pupillary light reflexes and ERG re-
sponse amplitudes continued to decline through 10 months of
age. Both rod and cone system functions were severely im-
paired. The retina exhibited accumulation of autofluorescent
storage bodies with distinctive curvilinear contents. Substantial
cell loss occurred in the inner nuclear layer, with a smaller
reduction in photoreceptor cell density.

Concrusions. The canine 7PP1 mutation results in progressive
vision loss and retinal degeneration similar to that which oc-
curs in human late infantile NCL. With the canine model, the
natural history of disease progression in the retina provides a
better understanding of the pathologic course of the disease
and provides objective markers that can be used to assess the
efficacy of therapeutic interventions. (Invest Opbthalmol Vis
Sci. 2008;49:2686-2695) DOIL:10.1167/i0vs.08-1712
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hildhood-onset neuronal ceroid lipofuscinoses (NCLs) are
autosomal recessively inherited lysosomal storage disor-
ders characterized by progressive vision loss culminating in
blindness, cognitive and motor decline, and seizures. The NCLs
are uniformly fatal. Clinical signs of NCL result from wide-
spread progressive neurodegeneration that is accompanied by
intracellular accumulation of autofluorescent storage bodies in
nervous and other tissues, including the retina.'* There are
several forms of NCL that differ from one another in the age at
which symptoms first appear, the rate of disease progression,
and the patterns of symptoms.">~> To date, mutations in eight
different genes (PPT1, CLN2, CLN3, CLN5, CLNG, CLN8, CTSD,
and MFSD8) have been found to underlie different forms of
NCL.*>°~% In almost all patients with NCL, severe vision loss is
accompanied by progressive retinal degeneration (Hainsworth
DP, Liu G, Hamm CW, Katz ML, manuscript submitted,
2008).%7'2 Currently, there are no known treatments to delay
or halt the progression of the NCLs, but several approaches to
therapy, including gene and stem cell therapies, are under
investigation.'>'4
Development of effective therapeutic interventions will be
greatly enhanced with the availability of suitable animal mod-
els. Mouse models are available for most of the NCLs, but these
models are of limited utility because of the small size, relatively
primitive nervous system, and short lifespan of the mouse. In
some cases, NCL gene mutations in mice result in only modest
phenotypic signs of neurodegeneration.'®> Naturally occurring
NCLs have been identified in several larger animal species,
including dogs.'® 2! Among the canine NCLs is a form of the
disease in Dachshunds that results from a mutation in 7PP1
that encodes the lysosomal enzyme tripeptidyl peptidase 1.>?
Human subjects with mutations in 7PP1 (CLN2) have a late
infantile form of NCL. Studies were undertaken to characterize
the effects of the 7PPI mutation on the canine retina.

METHODS

Animals

A male and a female Dachshund, each of which were heterozygous for
a frame shift mutation in the 7PPI gene,*” were mated naturally. A
litter of four puppies was produced that included one homozygous
normal female, two heterozygous males, and one male homozygous for
the 7PP1 frame shift mutation. The dogs were housed in a research
kennel, were socialized daily, and were taught basic behavioral com-
mands (sit, stay, and down). All studies involving dogs were performed
in compliance with the ARVO Statement for the Use of Animals in
Ophthalmic and Vision Research and were approved by the University
of Missouri Animal Care and Use Committee.

Physical and Neurologic Examinations

Weekly physical and neurologic examinations were performed on all
littermates. Genotyping indicated that one puppy was homozygous for
the mutant allele (7PP1~/~; dog 1), two were heterozygous (TPP1"/~;
dogs 2 and 3), and one was normal homozygous (TPP1"/*; dog 4).
Investigators evaluating the dogs were masked to the genotype. Neu-
rologic dysfunction was assessed subjectively by standard clinical neu-
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rologic examination.”> Components of the neurologic examination
included observation (mentation, posture, and gait), cranial nerve
evaluation, postural reaction testing (conscious proprioceptive posi-
tioning, hopping, wheelbarrow, tactile placement, and extensor pos-
tural thrust), spinal reflexes (myotatic and flexor withdrawal), and
nociception (superficial and deep). Gait evaluation was assessed as
normal, ataxic, and paretic (ambulatory or nonambulatory). Postural
reactions, spinal reflexes, and nociception were assessed as normal,
decreased, or absent. Dogs were also evaluated for abnormal move-
ment or seizure activity.

Ophthalmic Examination

Specific ophthalmic evaluation was performed 2 to 4 hours before
each electroretinography session when the dogs were 3 months (four
littermates), 7 months (four littermates), 8 months (four littermates),
and 10 months old (two littermates; dogs 1 and 4). Visual behavior was
tested using randomly falling cotton balls, approximately 20 cm in
front of each eye in the dark and then in the light, followed by menace
responses and pupillary light reflexes (PLRs) in both lighting condi-
tions, the latter using a Finnoff transilluminator (Welch Allyn Distrib-
utors; Skaneateles Falls, NY). Pupils were thereafter dilated with a
short-acting mydriatic (tropicamide 1%; Alcon, Fort Worth, TX), and
indirect ophthalmoscopy (Welch Allyn Distributors) was performed,
followed by slit lamp biomicroscopy (SL14; Kowa Co. Ltd., Tokyo,
Japan). Fundus appearances were documented with a digital fundus
camera (NM-100; Nidek Co. Ltd., Freemont, CA) at least 1 week after
each specific ophthalmic procedure (including electroretinography;
ERG).

Electroretinography

Unilateral ERG evaluations were performed with a portable ERG unit
(HMSERG model 1000; RetVet Corp., Columbia, MO), with the mini-
Ganzfeld dome positioned approximately 1 cm from the right tested
eye. The dogs were deeply sedated by using medetomidine (Domitor;
Novartis, Pfizer Animal Health, Exton, PA), up to 46 ug/10 kg, equiv-
alent to 0.45 mL/10 kg, and prepared for the ERG session in ordinary
room light. Heart and respiratory rates were closely monitored
throughout the procedure, and the dogs were temperature controlled.
The dog’s head was positioned on a deflatable cushion to ensure
complete stability. Maximum pupillary dilatation was provided for by
the use of a short-acting mydriatic and was further topically anesthe-
tized (Alcaine; Alcon). A lid speculum was inserted to ensure that the
nictitating membrane and the upper and lower eyelids did not interfere
with light exposure of the maximally dilated pupils. Platinum subder-
mal needle electrodes (Model E2; Grass Instrument Division, Astro-
Med, Inc., West Warwick, RI) were used for the ground electrode,
positioned on the occipital crest, and for the reference electrode,
positioned 3 to 4 cm (depending on the dog’s age) from the lateral
canthus, close to the base of the right ear. An active contact lens
electrode (ERG-Jet; Universo Plastique, LKC Technologies Inc., Gaith-
ersburg, MD) was placed on the cornea after instillation of one drop of
2% methylcellulose (Methocel; Ciba Vision, Munich, Germany). The
electrodes were connected to a preamplifier, and the signals were
amplified with a band-pass filter between 0.3 and 300 Hz.

Each ERG session consisted of scotopic and photopic ERGs in
accordance with the Dog Diagnostic Protocol, recommended by the
European College of Veterinary Ophthalmology, primarily for evalua-
tion of rod and cone function.?* This protocol is preprogramed on the
ERG unit and is executed automatically on initiation of the ERG session
by the examiner (Jeong M, Narfstrom K, Son W, et al., manuscript
submitted, 2008). During 20 minutes of dark adaptation, scotopic
low-intensity rod responses were elicited every 4 minutes at a stimulus
intensity of 0.01 cd-s/m?; averaged responses to 10 flashes, given at
2-second intervals, were recorded for each time point. The light stim-
ulus intensity was then increased to 3 cd-s/m”> and the averaged
responses to four flashes at 10-second intervals were recorded. There-
after, scotopic high-intensity responses were elicited using 10 cd-s/m?;
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averaged responses to four flashes administered at 20-second intervals
were recorded. The latter two recordings depicted responses from
both rods and cones. After 10 minutes of light adaptation with a
background luminance of 30 cd/m?, photopic single-flash responses
were recorded using 3 cd-s/m? of flash stimulus, averaging 32 flashes at
an interval of 0.5 seconds, followed by evaluation of 30-Hz photopic
flicker at the same light intensity stimulation. The latter two recordings
were performed to evaluate cone and inner retina function, respec-
tively. Data were collected automatically on the compact flash card of
the ERG unit, transferred to a computer, printed, and stored for further
analysis. ERG curve forms in all recordings were evaluated, and the
amplitudes and implicit times for the a- and b-waves were measured as
previously described.*

After termination of the ERG session an injection of atipamezole
(Antisedan; Pfizer Inc. St Louis, MO) was administered intramuscularly
to reverse the deep sedation (at a dosage five times higher than that
given of the medetomidine, i.e., similar volumes were injected).

Morphologic Analyses

Three of the littermates, a normal female (dog 4), a carrier male (dog
2), and a homozygous affected male (dog 1), were euthanatized at 10.5
months of age by intravenous infusion (Beuthanasia-D-Special; Scher-
ing Plough Animal Health, Omaha, NE). The eyes of each dog were
enucleated immediately after death. The anterior portions of the eyes,
including the cornea, iris, lens, and vitreous, were removed, and the
remainder of each eye was placed in a fixative solution. One eye of
each dog was fixed in electron microscopy (EM) fixative (2.0% glutar-
aldehyde, 1.12% paraformaldehyde, 0.13 M sodium cacodylate, and
0.13 mM CacCl,; pH 7.40) and the other eye was fixed in fluorescence
microscopy (FM) fixative (0.1% glutaraldehyde, 3.5% paraformalde-
hyde, 0.13 M sodium cacodylate, and 0.13 mM CacCl,; pH 7.40). After
1 hour of incubation with gentle agitation in FM fixative at room
temperature, the samples to be used for fluorescence microscopic
analysis were incubated in 0.17 M sodium cacodylate with gentle
agitation for at least 1 hour. The eyecups were then dissected to obtain
selected areas from the inferior and superior central regions of the
retina (Fig. 1). These samples were embedded (Tissue-Tek; Sakura
Finetek, Torrance, CA) and frozen on dry ice. Eyecups that had been
placed in EM fixative were incubated with gentle agitation for at least

Superior

Inferior

FIGURE 1. Diagram illustrating how the eyes used for morphologic
analyses were dissected. After removal of the anterior portions of the
eye up to the ora serrata, the eyecup was dissected to obtain six
regions (A-F). Sections were cut from the regions indicated by the
lines separating regions A and B (nontapetal) and D and E (tapetal).
Dasbed line: approximate extent of the tapetal area of the dog fundus.
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2 hours at room temperature. The eyecups were then dissected to
obtain the same regions as those obtained for fluorescence microscopy
from the fellow eye of the same dog (Fig. 1). Samples from these
regions were postfixed in 1% osmium tetroxide and embedded in
€poxy resin.

Five-micrometer-thick sections were cut from the Tissue-Tek-em-
bedded samples and mounted on glass slides (Super Frost; Fisher
Scientific, Pittsburgh, PA) in 0.17 M sodium cacodylate. The sections
were examined with a microscope (Axiophot; Carl Zeiss Meditec, Inc.,
Dublin, CA) equipped with epi-illumination from a high-pressure, 50-W
mercury vapor lamp, a 40X objective lens (Plan-Neofluar) with a 1.3
numerical aperture, a 395- to 440-nm band-pass exciter filter, and
chromatic beam splitter (FT 460), and an barrier filter (LP 515; all from
Carl Zeiss Meditec, Inc.). Photography was performed with daylight-
balanced, color-positive film (Elite-Chrome 100; Eastman-Kodak, Roch-
ester, NY).

For ultrastructural and light microscopic (LM) morphologic analy-
ses, the selected portions of the eyes that had been fixed with EM
fixative were washed with 0.17 M sodium cacodylate (pH 7.4) fol-
lowed by secondary fixation in 1% osmium tetroxide. Subsequently,
the samples were dehydrated via sequential incubation in increasing
concentrations of acetone and embedded in epoxy resin. Sections of
the embedded samples were cut for both LM and EM examinations. For
LM, 1-um-thick sections were mounted on glass slides and were stained
with toluidine blue. For EM, sections were mounted on copper grids
and were stained with uranyl acetate and lead citrate. Light microscopy
(Axiophot; Carl Zeiss Meditec, Inc.) and electron microscopy (model
1200 EX transmission electron microscope; JEOL, Tokyo, Japan) were
performed. Cell densities in the inner (INL) and outer nuclear layers
(ONL) of the retinas were determined from the toluidine-blue-stained
sections. The sections were obtained from the borders between areas
A and B and between areas D and E (Fig. 1). Micrographs of each
section were obtained that each represented 150 um of retinal length
(as measured along the retinal pigment epithelium; RPE). The numbers
of nuclei per 150 um retinal length were determined for at least six
regions of each retina section. Cell density determinations were per-
formed in a masked fashion by a single observer and were performed
with the assistance of a computer program (Metamorph; Molecular
Devices, Sunnyvale, CA).

RESULTS

Physical and Neurologic Examination Findings

Physical examination findings remained normal for all pups.
Neurologic examination in the affected dog revealed dull men-
tation and cerebellar ataxia beginning at 6.5 months of age.
Although mentation was alert up to that point, the affected pup

A

FIGURE 2.
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also exhibited prior loss of focus during training for basic
behavior commands. Intention tremors developed by 8
months. The ataxia exhibited by the affected dog progressed
with age and was considered worse in the pelvic limbs. After
the Hallpike maneuver, wide head excursions were elicited by
7.5 months. Asymmetric proprioceptive deficits were evident
by 7.5 months of age and worse in the pelvic limbs. Tactile
placing of the thoracic limbs was absent by 8 months of age.
Postural reaction deficits became symmetric in all limbs by 10
months of age. Spinal reflexes remained intact. Ocular motor
abnormalities included decreased physiologic nystagmus and
positional downbeat nystagmus by 9 months. At 8 months, the
dog startled easily with loud claps. During an ERG procedure at
8 months, with the dog sedated with medetomidine, the af-
fected dog manifested myoclonic jerks. An electroencephalo-
gram/electromyelogram (EEG/EMG) revealed paroxysmal
bursts of 7-Hz spike and wave, and spindling in all leads. The
myoclonic activity was abolished after IV administration of
diazepam (Carpuject; Hospira, Inc., Lake Forest, IL). The myo-
clonic jerks became spontaneous by 10.5 months. In summary,
abnormal neurologic findings included altered mentation and
cognitive function, cerebellar ataxia, blindness, and myoclo-
nus. None of these abnormalities was observed in the litter-
mates that were heterozygous or homozygous for the normal
TPP1 allele.

Ophthalmic Examinations

At age 3 months, all puppies showed normal visual behavior,
normal menace responses, and pupillary light reflexes. The
anterior and posterior segments of the eyes were normal in all
littermates on funduscopic and biomicroscopic examination.
No abnormalities were found in three of the four littermates
throughout the study period. At age 7 months, however, dog 1
showed clearly reduced visual capacity. The menace response
was absent from this time point on. In addition, pupillary light
reflexes in the dog were incomplete at this age and became
markedly sluggish a few weeks later. The dog was considered
blind by age 8 months. By 10 months, resting mydriasis was
noted in both eyes. Figure 2A shows the bilateral funduscopic
changes that were observed in the affected dog; a marked
increase in granularity was noted in the midperipheral and
peripheral tapetal fundus, and there was generalized vascular
attenuation. No apparent funduscopic changes were observed
in the nontapetal fundus, except vascular attenuation. The
generalized funduscopic changes progressed, and especially
the vascular attenuation became more marked ophthalmoscop-
ically at age 10 months.

Fundus photographs obtained from the homozygous affected littermate, dog 1 (A) and from

the homozygous normal littermate, dog 4 (B), at age 8 months, showing marked grayish discoloration and
mottling in the tapetal fundus in the affected dog. Severe generalized vascular attenuation was also

present.
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Electroretinography

At 3 months of age, the ERG responses of the affected TPP1 -
dog (dog 1) did not differ significantly from the responses of
the normal littermates under any of the stimulus conditions
used (Fig. 3). The b-wave response amplitudes elicited by a
low-intensity flash stimulus gradually increased over a 20-
minute dark adaptation period in a similar manner in the
affected and normal littermates. Scotopic flash stimuli at 3 and
10 cd-s/m? elicited a- and b-wave responses of similar ampli-
tudes and implicit times in all the dogs at 3 months of age (Figs.
3, 4). Responses to both photopic single flash and flicker
stimuli were similar in the affected TPP1~’/~ and in the litter-
mates at this age (Fig. 3). By 7 months of age, however, the
ERG responses in the affected dog were substantially altered,
whereas no significant changes were observed in the other
littermates (Figs. 3, 4). At 7 months, the b-waves elicited by a
low-intensity flash stimulus were barely detectable at any time
over a 20-minute period of dark adaptation in the affected dog
(Fig. 3). At higher stimulus intensities under scotopic condi-
tions, both a- and b-wave amplitudes were substantially de-
creased in the TPP1~/~ dog compared with the responses
elicited from the same dog at 3 months of age (Figs. 3, 4). The
reductions in b-wave amplitudes were greater than those for
a-wave amplitudes, resulting in a decrease in the b- to a-wave
ratio (Table 1). Photopic response amplitudes also decreased in
the affected dog between 3 and 7 months of age (Fig. 3).
These decreases in response amplitudes progressed
through 10 months of age (Figs. 3, 4, 5), with a progressive
decline in the b- to a-wave ratio in the scotopic flash ERG
(Table 1). At 8 and 10 months of age, no b-wave was detectable
in the affected dog at low stimulus intensity at any time during
the dark adaptation period (Figs. 3, 5). The b-wave was re-
placed by an electronegative response. At higher stimulus
intensities under scotopic conditions, an a-wave of increased
implicit time was observed, and the b-wave did not reach
baseline and had substantially increased noise levels relative to
the littermates (Fig. 5). Under these conditions an electropos-
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FIGURE 4. Comparison of ERG recordings using standard-intensity
flash stimuli (3 cd-s/m?) for the affected dog 1 at ages 3, 7, and 8
months. Note the successive reduction of a- and b-wave parameters,
more so for the b-wave than for the a-wave with time. Also observe the
longer implicit time of the a-wave and the high-amplitude spike in the
recordings at age 8 months (arrow).
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itive spike was observed on the recording with an implicit time
of ~70 ms. Photopic single flash stimulus did not elicit detect-
able a- or b-waves but did elicit a similar electropositive spike
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FIGURE 3. ERG a-wave (A, B) and b-wave (C, D) response amplitudes in a normal Dachshund (dog 4) (A,
©) and in a littermate homozygous for the TPPI frameshift mutation (dog 1) (B, D). ERG data were
obtained during recording sessions for scotopic low-intensity stimuli, 0.01 cd-s/m?, during the process of
dark adaptation (C, D; S1-S5), for scotopic standard flash (Sst, 3 cd-s/m?) and scotopic high-intensity
stimuli (Sh, 10 cd-s/m?), and for photopic single flash (P) and 30-Hz flicker recordings (Pfl) (both at
intensity 3 cd-s/m? after 10 minutes of light adaptation using a background of 30 cd/m?).
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TaBie 1. ERG b- to a-Wave Ratios in Response to 3 cd-s/m? Flashes
in Scotopic Conditions

Dog 3 7 8 10

Dog Genotype mo mo mo mo
1 TPPI™/~ 29 1.6 1.0 0.6

2 TPP1"~ 2.9 2.2 2.3 ND
3 TPP1™/~ 29 27 24 ND
4 TPPIY™" 2.5 2.3 2.2 2.5

ND, not determined.

Scotopic

IOVS, June 2008, Vol. 49, No. 6

(Fig. 5). Flicker stimulation under photopic conditions elicited
responses in the dog that were of much lower amplitudes and
more irregular than those of the other littermates under the
same conditions (Fig. 5). Positive electrical spikes were also
observed on the ERG recordings for photopic flicker (Figs. 4,
5). The ERG responses of the unaffected dogs remained rela-
tively unchanged throughout the observation period and the
electropositive spikes were never observed in these animals.
Implicit times for b-waves in the TPP1~/~ dog were com-
parable to those of the normal littermates at all ages examined.
However, in the affected dog, the implicit time of the a-wave

Photopic

I'c
1

‘Normal

Affected

FIGURE 5. ERG responses of a normal Dachshund, dog 4 (A-D), and of a littermate homozygous for a
frameshift mutation in the 7PPI gene, dog 1 (E-H), at 10 months of age are shown: Responses obtained
with a low-intensity flash stimulus (0.01 cd-s/m?; A, E) and with a standard-intensity flash (3 cd-s/m?; B,
F) under scotopic conditions; responses obtained with single-flash stimulus under photopic conditions
(5.1 Hz at 3 cd-s/m?; C, G); responses to a 3 cd-s/m? flicker stimulus at 30 Hz under photopic conditions
(D, H). Abnormal spikes in the photopic responses in the affected dog (arrows) may indicate light-induced
seizure activity. The photopic recordings were performed after 10 minutes of light adaptation using 30
cd/m? of background light. For each recording, time in milliseconds (ms) is shown on the abscissa and

amplitude in microvolts on the ordinate.

Downloaded from iovs.arvojournals.org on 09/30/2020



IOVS, June 2008, Vol. 49, No. 6

FIGURE 6. Fluorescence micrographs of unstained cryostat sections of the retinas from T7PP1~/~ (A) and
TPPI*/" (B) littermate Dachshunds. Throughout the retina of the affected dog was yellow-emitting
autofluorescent material that was particularly abundant in the ganglion cells (arrows) and along the outer
limiting membrane (arrowbead). Inclusions with similar fluorescent properties were also present in the
RPE of the TPP1 /" dog. In the retina of the TPP1"/" dog, yellow-emitting autofluorescent material was
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present only in the RPE.

elicited under scotopic conditions increased between 7 and 8
months of age (Fig. 4). This increase was maintained in the
recordings at 10 months of age.

Morphologic Analyses

The dog that was homozygous for the TPP1 frame-shift muta-
tion exhibited autofluorescent storage material in most layers
of the neural retina (Fig. 6A). The storage material was partic-
ularly abundant in ganglion cells and in a band just interior to
the outer limiting membrane. Autofluorescent inclusions were
also present in the RPE. There was no detectable autofluores-
cent material in the neural retinas of either the homozygous
normal dog or the dog heterozygous for the 7PP1 mutation
(Fig. 6B). Both of the latter dogs exhibited autofluorescent

)
sk )

pigment in the RPE that appeared to be more abundant than in
the RPE of the dog homozygous for the 7PP1 mutation.

Electron microscopic examination of the retina from the
TPPI1~/~ dog indicated that the autofluorescent storage mate-
rial consisted of membrane-bound cellular inclusions filled
with a distinctive curvilinear substance (Fig. 7). The inclusions
adjacent to the outer limiting membrane were localized to the
photoreceptor cell bodies (Fig. 7B). No storage bodies contain-
ing the curvilinear substance were detected in the RPE.

The photoreceptor cell densities in the retina from the
TPP1~/~ dog were substantially lower than those in the retinas
from the TPP1"/" and TPP1"/~ littermates (Figs. 8, 9). In the
superior region of the retina, the mean photoreceptor cell
density in the TPP1"/™" dog was 295 cells per 150 um, whereas

FiGURe 7. Electron micrographs showing the distinctive disease-specific storage bodies (SB) observed in
the retinal ganglion cells (A) and photoreceptor cells (B) of the TPP1 ™/~ dog. In the photoreceptor cells,
the SBs were localized primarily just interior to the outer limiting membrane (arrows). Cell junctional
complexes that make up the outer limiting membrane are indicated by arrowhbeads in (B). The micro-
graph in (B) is oriented such that the inner retina is toward the top.
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FIGURE 8. Light micrographs of the inferior- central retinas of TPP1~’~ (A) and TPP1"/" (B) littermate
Dachshunds. The overall thickness of the retina was much less in the TPP1~/~ dog, there were far fewer
nuclei in the inner nuclear layer, and the photoreceptor outer segments were less dense and less regularly

organized.

in the TPP1~/~ dog, it was only 203 cells per 150 um. In the
heterozygous dog, the mean photoreceptor cell density in
this region was 297 cells per 150 um. In the inferior region
of the retina, the mean photoreceptor cell density in the
TPP1+" dog was 224 cells per 150 um but in the TPP1~/~
dog, it was only 150 cells per 150 wm. In the heterozygous
dog, the mean photoreceptor cell density in this region was
193 cells per 150 um.

The cell density in the inner nuclear layer was also lower in
the TPP1~/~ dog than in either the TPP1"/* or TPP1"/~
littermates (Figs. 8, 9). In the superior region of the retina,
there was a mean of 72 nuclei per 150 um in the INL of the
TPP1™’* dog and only 30 in the TPPI~/~ animal. In the
TPP1™’~ dog, the INL cell density in the inferior retina was 72
cells per 150 um. In the inferior region of the retina, there was
a mean of 67 nuclei per 150 um in the INL of the TPP1 " dog
and only 31 in the 7PP1~/~ animal. In the TPP1™/~ dog, the
INL cell density in the inferior retina was 51 cells per 150 pwm.

The photoreceptor outer segments in the 7PP1~/~ dog
were much more irregular in shape and size than those in the
TPP1"/* or TPP1"/~ littermate retinas (Figs. 8, 10). There was
also substantially more intercellular space in the inner and
outer segment regions in the 7PP1~’~ dog than in the unaf-
fected littermates (Figs. 8, 10). In the affected dog, most of the
RPE cells were mounded in the center, whereas RPE cells in
the unaffected dogs were relatively uniform in height (Fig. 8).

DISCcUSSION

Blindness is one of the hallmarks of the neuronal ceroid lipo-
fuscinoses, including the late infantile form. Children with late
infantile NCL have apparently normal vision at birth, but ex-
perience progressive vision loss in early childhood that culmi-
nates in total blindness. ERG analyses of affected children
younger than 5 years demonstrated profoundly subnormal b-
wave amplitudes under both scotopic and photopic condi-
tions, whereas a-wave amplitudes were less severely affected.>°
These abnormalities were very similar to those observed in the
dog with the 7PP1 mutation, and indicate that the inner retina
is affected first in this disease. Photoreceptor cell degeneration
eventually occurs in the human disorder, as indicated by mor-
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phologic studies of eyes obtained after death.””~*° At the end
stage of the disease in humans, photoreceptor cell degenera-
tion and loss is as profound as the degeneration of the inner
nuclear layer. Through intensive care, children who have late
infantile NCL are able to survive long after they become blind
and severely impaired neurologically. Thus, morphologic data
do not exist to indicate the structural integrity of the retina at
stages of the disease when retinal responses to light stimuli can
still be recorded. However, the similarities of the ERG changes
observed in the dog with the 7PP1 mutation to those observed
in the early disease stages in children suggests that cell loss in
the inner retina proceeds more rapidly than photoreceptor cell
loss in the human disease, as it does in the dog model. Degen-
erative changes in the photoreceptors were observed in the
affected dog at 10.5 months of age, and these changes may
have progressed further had the dog been kept alive longer.

The peak of the a-wave in the scotopic ERG elicited at 3
cd-s/m? in the affected dog is delayed starting at 8 months of
age (Fig. 4). The negative onset of the a-wave reflects the start
of the response generated by the photoreceptor cells,>® and
the positive-going portion corresponds to onset of the re-
sponse of the inner retina (mainly bipolar cell activity). There-
fore, the timing of the a-wave peak depends on the balance
between the photoreceptor and inner retinal responses. The
delay in the peak of the a-wave seen at later stages of the
disease in the affected dog may represent alterations in the
kinetics of the responses of the photoreceptor cells, the inner
retina or both. The fact that the inner retina is more profoundly
affected in this disease suggests that the delay results primarily
from alterations in function of the bipolar cells.

The affected dog was functionally blind by the age of 8
months at a time when ERG responses could still be elicited
with sufficiently intense stimuli. Even in a brightly lit room, the
dog did not blink or otherwise respond to rapid hand move-
ments toward its face, nor did it follow objects with its gaze.
Changes in spontaneous behavior also indicated that the dog
was blind by 8 months of age. This suggests that central
nervous system changes may contribute significantly to the loss
of vision in the disease. Consistent with this conclusion was
our observation that decreases in the visual evoked potential
preceded the ERG changes in the affected dog (data not
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FIGURE 9. Cell densities in the (A) outer nuclear (photoreceptors) and
(B) inner nuclear layers from the superior retinas of TPP1"/", TPPI"/~,
and TPP1~/~ littermate Dachshunds. Cell densities in the (C) outer nuclear
(photoreceptors) and (D) inner nuclear layers from the inferior retinas of
TPPI™/*, TPP1"/~, and TPP1™/~ littermate Dachshunds. Bars indicate
means and standard errors of at least six determinations in each eye.
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shown). It is possible that degeneration of the optic nerve
contributed to the loss of vision while ERG responses could
still be elicited. Indeed, optic nerve degeneration has been
reported in mouse models of the NCLs. >332

In the affected Dachshund, disease-specific storage body
accumulation was observed in ganglion cells, cells of the inner
nuclear layer, and in the photoreceptor cells at 10.5 months of
age (Figs. 6, 7). In human subjects who died as a result of
advanced late infantile NCL, storage body accumulation was
observed not only in these retinal layers, but also in many other
cell types in the retina, including the retinal pigment epithe-
lium (RPE) and macrophages that had invaded the retina.*”
These observations indicate that the retinal degeneration be-
comes much more profound if affected individuals can be kept
alive long enough. The presence of disease-specific storage
material in the RPE in late-stage human late infantile NCL was
reported based on electron microscopic analyses.”® Fluores-
cence microscopy cannot be used reliably to assess storage
material accumulation in the RPE because lipofuscin, with
nearly identical fluorescence properties, accumulates in the
RPE as a part of the normal aging process (Fig. 6).>>7>> How-
ever, the ultrastructural appearance of the storage material that
accumulates in late infantile NCL is quite distinctive from that
of RPE lipofuscin. We did not observe any accumulation of this
storage material in the RPE of the affected dog with electron
microscopy, which suggests that the accumulation of this ma-
terial in the RPE of human patients may occur late in the
disease. With fluorescence microscopy, it appeared that the
affected dog actually had less autofluorescent pigment in the
RPE than did its unaffected littermates (Fig. 6). It has been
shown that RPE lipofuscin accumulation is dependent on the
presence and function of the photoreceptor cells,>®~#2 so this
apparent reduced lipofuscin accumulation may reflect the loss
and abnormal function of photoreceptor cells.

Despite some loss of photoreceptor cells at the time the
affected dog was euthanatized, clearly the RPE was still active
in outer segment phagocytosis and degradation via the lysoso-
mal pathway. Therefore, it was somewhat surprising that the
RPE did not exhibit an accumulation of the disease-related
inclusions. The normal substrates for TPP1 are not known.
Perhaps the lack of storage body accumulation in the RPE
indicates that the material normally degraded by TPP1 is not
present in the phagocytosed material. Substrate specificity
would explain why storage material is more pronounced in
some cell types than in others. The RPE may also have mech-
anisms for disposing of the normal substrates of TPP1 that
other cells, such as inner retinal neurons, do not. Among the
other NCLs, some exhibit RPE storage body accumulation
while others do not >21:27:2943-46

It is not known whether storage body accumulation in the
NCLs is itself detrimental. However, this accumulation cer-
tainly correlates with pathology at the cellular level. Thus,
although retinal ganglion cell function is not assessed with the
ERG, the accumulation of storage material in these cells sug-
gests that they may be functionally impaired. Abnormalities in
ganglion cell function may at least partially account for the fact
that functional blindness and alterations in the pupillary light
reflex precede complete loss of retinal responses to light as
assessed by the ERG.

Overall, it appears that the TPP1~/~ dog is an excellent
model for the ocular features of late infantile NCL. In both
affected humans and dogs, the retina develops normally, but
then undergoes progressive degeneration as the disease
progresses. Funduscopic changes are similar in the human and
canine diseases,2° as are changes in vision, retinal function, and
morphology.

The TPP1 protein is a soluble lysosomal enzyme that can be
exchanged between cells and that can therefore be supplied
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FIGURE 10. Electron micrographs of the outer retinas from the inferior-central retinas of TPP1 ~/~ (A) and
TPPI'/" (B) dogs. The photoreceptor outer segments in the 7PP1 /" dog are much less regular in
morphology and orientation, as well as being less densely packed.

exogenously to deficient cells.*”**® Based on this fact, studies
are being conducted to determine the potential efficacy of
gene and stem cell therapies for treating this disorder.'>*° The
dog provides an excellent model in which to evaluate these
therapies, particularly with respect to rescuing the retina. Pro-
found deficiencies in retinal function develop relatively slowly
in humans and in the canine model, and so there is a fairly large
time window during which therapeutic intervention could
prevent degenerative changes. The morphologic data indicate
that late in the disease cell loss from the retina is substantial, so
late therapeutic interventions are unlikely to be effective in
restoring vision.
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