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The nicotinamide nucleotide adenylyltransferase 1 (NMNAT1) enzyme is essential for regenerating the
nuclear pool of NAD™ in all nucleated cells in the body, and mounting evidence also suggests that it has
a separate role in neuroprotection. Recently, mutations in the NMNAT1 gene were associated with Leber
congenital amaurosis, a severe retinal degenerative disease that causes blindness during infancy.
Availability of a reliable mammalian model of NMNATI-Leber congenital amaurosis would assist in
determining the mechanisms through which disruptions in NMNAT1 lead to retinal cell degeneration
and would provide a resource for testing treatment options. To this end, we identified two separate
N-ethyl-N-nitrosourea—generated mouse lines that harbor either a p.VOM or a p.D243G mutation. Both
mouse models recapitulate key aspects of the human disease and confirm the pathogenicity of mutant
NMNAT1. Homozygous Nmnatl mutant mice develop a rapidly progressing chorioretinal disease that
begins with photoreceptor degeneration and includes attenuation of the retinal vasculature, optic
atrophy, and retinal pigment epithelium loss. Retinal function deteriorates in both mouse lines, and, in
the more rapidly progressing homozygous Nmnat1"*" mutant mice, the electroretinogram becomes
undetectable and the pupillary light response weakens. These mouse models offer an opportunity for
investigating the cellular mechanisms underlying disease pathogenesis, evaluating potential therapies
for NMNAT1-Leber congenital amaurosis, and conducting in situ studies on NMNAT1 function and NAD*
metabolism. (Am J Pathol 2016, 186: 1925—1938; http://dx.doi.org/10.1016/j.ajpath.2016.03.013)

Leber congenital amaurosis (LCA), a genetically heteroge-
neous retinal degenerative disease associated with mutations
in at least 18 genes, represents the most common cause
(10% to 18%) of incurable blindness in children'” and ac-
counts for >5% of all inherited retinal degenerations.3
Across all forms of LCA, vision is impaired at birth or
begins deteriorating during early infancy because of retinal
degeneration.” Patients often develop nystagmus, and, as the
disease advances, amaurotic pupils may be observed”
because of the absence of functioning photoreceptors and
intrinsically photosensitive ganglion cells.”® Both rod and
cone photoreceptors degenerate rapidly, and many patients
have no detectable electroretinogram (ERG) response after
the first year of life." Although LCA can be a feature of

syndromic diseases, each form of this retinal degeneration is
caused by mutations in a single gene, and most cases are
recessively inherited” (RetNet, htps://sph.uth.edu/retnet/
disease.htm, accessed March 7, 2016).
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Genes that harbor mutations responsible for LCA have
critical roles in different cell types throughout the retina.”’
A substantial portion (approximately 5%)® of LCA cases are
caused by mutations in the NMNATI gene,"® > which
encodes the nicotinamide nucleotide adenylyltransferase 1
(NMNATI1) enzyme that is essential for regenerating the
nuclear pool of NAD". Nuclear NAD™, synthesized from
ATP and either nicotinic acid mononucleotide or nicotin-
amide mononucleotide, is important for processes related to
DNA repair, gene expression, cell senescence, and cell
signaling.'®”'® In the Golgi complex and mitochondria, two
other NMNAT isoforms that similarly serve to regenerate
NAD™" are encoded by NMNAT2 and NMNAT3, respec-
tively.”‘w However, neither NMNAT2 nor NMNAT3
compensates for the loss of NMNAT] function, considering
that homozygous knockout of Nmnatl in mice results in
embryonic lethality.”’ Moreover, multiple lines of evidence
indicate that NMNATI1 may have neuroprotective chap-
erone and housekeeping functions that are separate from its
role in the NAD™ synthesis pathway.”’ ”° As an example,
the Wallerian degeneration slow (W1d®) fusion protein that
delays axon degeneration after nerve injury in Wid® mice
includes full-length Nmnat! fused to a portion of the Ube4b
multi-ubiquitination factor.”*** Given that NMNATI is
expressed ubiquitously,”'” it is unclear why abnormal
NMNATTI function causes a retina-specific disease.

The precise mechanism(s) underlying retinal cell degen-
eration in NMINATI-LCA also has not been defined, and no
treatment is available for patients. Thus far, in the absence
of an animal model, mutant NMNAT1 has been studied in
human embryonic kidney cells (HEK293T), human cervical
cancer cells (HeLa), mouse dorsal root ganglia, NMNATI-
LCA patient fibroblasts, and NMNATI-LCA patient red
blood cells (nonnucleated),&'0‘27'28 with inconsistent results.
Further, in vitro systems do not allow for the assessment of
whether a treatment preserves vision and cannot address
practical challenges associated with delivering therapeutic
agents to the NMNATI-LCA retina. For instance, deter-
mining which specific cell type(s) should be the therapeutic
target may be critical for a successful intervention, given
that the effects of NMNATI overexpression in otherwise
healthy retinal cells are unknown.

Here, we report the discovery and characterization of two
mutant Nmnat! mouse lines derived from chemical muta-
genesis programs.””’ Wild-type mice were injected with a

potent mutagen, N-ethyl-N-nitrosourea (ENU), which in-
troduces point mutations in DNA that are transmissible
through the germline. Mutations in Nmnatl were identified,
and multiple outcrosses with wild-type mice served to
eliminate most ENU-induced mutations at other chromo-
somal locations.”’ One line harbors the p.VOM mutation,
which was observed to cause LCA in patients from unre-
lated families and has been investigated in two separate
studies.®?” The other line harbors a novel mutation,
p.D243G, which has yet to be reported in the human pop-
ulation (ExAC Browser, http://exac.broadinstitute.org,
accessed March 7, 2016). The retinal degenerative pheno-
type observed in both lines recapitulates key aspects of
NMNATI-LCA. These mouse models show promise for
elucidating pathologic mechanisms associated with
NMNATI-LCA, developing therapies for patients with this
disease, and understanding the roles of NMNATI in neu-
roprotection and NAD" metabolism.

Materials and Methods

Identification of Nmnat1”" Mice

Mice expressing the p.VOM variant of NMNAT1 were
derived from a gene-driven screen of the Harwell ENU DNA
archive to identify Nmnatl missense alleles. The archive
consists of pooled DNA samples from >10,000 ENU-
mutagenized G; male mice, which is paralleled by frozen
sperm samples.””*” Oligonucleotide primers (Table 1) were
designed to allow amplification of all protein-coding
sequences within Nmnatl and used for PCR amplification
of the pooled DNA samples. Amplified products were
assessed by high-resolution melting curve analysis with the
use of the LightScanner platform (Idaho Technology, Salt
Lake City, UT). Because of the reduced melting temperature
of mismatched nucleotides, ENU-induced mutations are
evident as left-shifted melt curves, which are then verified by
Sanger sequencing. This approach identified the Nmnatl
c.25G>A allele (Nmnatl™", hereafter referred to as
Nmnat1"*™), which was subsequently re-derived by in vitro
fertilization using cryopreserved sperm (mixed BALB/c and
C3H/HeH)™ and wild-type C57BL/6] (B6) oocytes. The
subsequent progeny were then bred into the wild-type B6
background. Before data collection, this mouse strain was
outcrossed to B6 mice five times to eliminate approximately

Table 1 Set of Oligonucleotide Primer Pairs that Provide Complete Coverage of the Nmnatl Protein-Coding Sequences for PCR
Amplification and Sequencing

Exon Forward Reverse

2 5'-GGTTGCATGTAGGTCAACAC-3’ 5'-GTCTTTAATTAGCTGGGTCGC-3'
3 5'-TAAAGTCTGATTTGTTATGCCTAATATCG-3’ 5'-ACAAGAACATGTGGACTGC-3’

4 5'-TCTGACATTAAGGAGTGTGCT-3' 5'-TTTGGAGTCCTGGTAGACATC-3'
5 5'-CCTGACCTTGTGCTTGATTC-3’ 5'-TGGTGGACGAGATGTCATT-3’

5 5'-CAGAGCAACATCCACCT-3’ 5'-GAGTCTCCAGACGAGCC-3’

These primers were used in the procedures that led to the identification of the p.VIM-Nmnat1 allele.
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97% of the ENU-induced mutations. On the basis of the
mutation rate of approximately 0.67 mutations/Mbp for ENU
mutagenesis and the size of the mouse genome (approxi-
mately 2.5 x 10°> Mbp),*" it would be anticipated that in a
mouse where no mutation is being selected for during out-
crossing, only approximately 50 induced mutations would
remain across the entire genome, of which just one would be
expected to be in a coding region.”* The chance of one
additional coding mutation that is physically linked to the
known mutation on mouse chromosome 4 persisting after
five outcrosses is 22%.>* To further mitigate the possibility of
influence from the presence of an unidentified mutation, all
experiments were performed on age-matched homozygous
mutant Nmnat1 "™, heterozygous Nmnat1"*™, and wild-type
mice generated by intercrossing heterozygous Nmnatl"*™
mice.

Identification of Nmnat1°243¢ Mice

The Nmnatl™™’? mutant, hereafter referred to as
Nmnat1”?**S was identified in a B6 G; ENU mutagenesis
screen from the Translational Vision Research Models
program”’ at The Jackson Laboratory (Bar Harbor, ME) by
indirect ophthalmoscopy. The fundus examination revealed
an abnormal retina with pigmentary changes and a grainy
appearance with light spots, and this phenotype segregated
in a monogenic, recessive manner. The genomic location of
the mutation was determined by linkage analysis. Genomic
DNA from progeny of an F, intercross of the mutant strain
with DBA/2J (DBA) was extracted as described.”” DNA
from 10 affected and 10 unaffected F, offspring was pooled
and assayed genome-wide with 48 simple sequence length
polymorphic markers known to differ between B6 and
DBA. Once a map position was identified on chromosome
4, it was refined in a high-resolution intercross that involved
765 F, mice of the intercross described.

To identify the causative mutation, a whole mouse exome
library was constructed, using fragmented genomic DNA
(1 ng) to a peak size of 300 bp by sonicating on low power
for 30 seconds with power on, 30 seconds with power off
for a total of 10 minutes using a Diagenode Bioruptor UCD-
200TM-EX (Denville, NJ). The precapture paired end li-
brary was constructed with the TruSeq DNA Sample
Preparation Kit (part number FC-121-100; Illumina, San
Diego, CA) with no size selection step and 18 cycles of
PCR. The precapture library was hybridized to the Roche
NimbleGen Mouse Exome (Reference no. 9999042611)
capture probe set (Roche NimbleGen, Madison, WI)
according to the manufacturer’s instructions. The
sequencing library was subjected to real-time quantitative
PCR, pooled with two similar libraries, and sequenced on a
single lane of an Illumina HiSeq 2000 (Illumina) using a
2 x 100 bases (paired end) sequencing protocol. High-
throughput sequence data were sorted with a local JAX
Galaxy interface pipeline.”® ** Sequence reads were quality
assessed using FastQC version 0.5 (Babraham
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Bioinformatics, Babraham, UK; http://www.bioinformatics.
babraham.ac.uk/projects/fastqc) and aligned to the mouse
reference genome (mm10) from the University of California
Santa Cruz, released December 2011, using BWA version
1.2.3.” PCR duplicates were removed with SAMtools
rmdup version 1.0.0.*° Single nucleotide polymorphisms
and insertions/deletions were called with SAMtools mpileup
version 1.0.0,*° and genomic and functional annotations
were assigned to the variants using SnpEff version 0.9."
Sequence analysis revealed no additional coding variants
within the critical chromosomal region. To confirm the
identified variant in both the segregating mapping and the
maintenance colonies, PCR amplification and analysis were
performed. Phenotypic characterization was performed on
age-matched B6-Nmnatl mutant (N5) and B6 control mice.

Mouse Husbandry

Mice, bred and housed in the Schepens Eye Research
Institute (Nmnat!"*™ mice) and Research Animal Facility at
The Jackson Laboratory (Nmnat1®***¢ mice), were pro-
vided ad libitum 4% or 6% fat rodent diet, respectively, and
water in a vivarium with a 12-h light/12-h dark cycle. This
study conformed to the Association for Research in Vision
and Ophthalmology Statement for the Use of Animals in
Ophthalmic and Vision Research. All procedures were
approved by the Animal Care and Use Committees of the
Schepens Eye Research Institute and of The Jackson
Laboratory.

Genotyping

For the Nmnat1”*™ line, genomic DNA was isolated from
tissue collected from each mouse with the use of the
DNeasy Blood & Tissue Kit (Qiagen, Hilden, Germany).
PCR was then performed with a forward primer 5-ACG-
TATTTGCCCACCTGTCT-3’ (intron 1) and a reverse
primer 5-TGGGGTTAAAAGAGCCACAG-3' (exon 2) to
amplify a 194-bp region of Nmnatl that contained codon
nine. The 20-uL PCR reactions had final concentrations of
200 pmol/L for each primer, 200 nmol/L for each of the
dNTPs (dATP, dGTP, dTTP, and dCTP), 2 mmol/L. MgCl,,
and 1 unit of Hot FirePol DNA polymerase (Solis BioDyne,
Tartu, Estonia). The thermocycling protocol was 95°C for
14 minutes; 30 cycles of 95°C for 45 seconds, 53°C for 45
seconds, 72°C for 30 seconds; 72°C for 7 minutes. The PCR
product was subjected to Sanger sequencing, and the elec-
tropherograms were analyzed at nucleotide c.25 to identify
each mouse as wild-type, heterozygous, or homozygous
Nmnat1"*™ (Figure 1A).

For Nmnat1°***S mice, the Nmnatl genomic region that
contained the mutation was amplified with the forward
primer 5-GAACGAGTGGATCACCAATGA-3’ (exon 5),
reverse primer 5'-GCAAGTCCTTCCCTGAGTTT-3' (3’
untranslated region), and the NEB tag polymerase kit (New
England BioLabs, Ipswich, MA). The 11-uL PCR reactions
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A valine

—

methionine

GAGGTGG G AGGAT G G GAGATGG

wi/wt wit/VOM VOM/VIM
B aspartic acid glycine

C G GACCT C G GAGCCT
wit/wt wt/D243G

C GGGCCT

D243G/D243G
Figure 1  Identification of the Nmnat1"*" and Nmnat1”?#*® mutations
by Sanger sequencing of genomic DNA. A: Electropherograms of w/w, wt/
V9M, and V9M/VIM mice, where codon 9 is bracketed and base c.25 is
highlighted in yellow. B: Electropherograms of w/w, wt/D243G, and D243G/
D243G mice, where codon 243 is bracketed and base c.728 is highlighted in
yellow. D243G/D243G, homozygous Nmnat1°?“*¢; V9M/V9M, homozygous
Nmnat1"?"; wt/D2436, heterozygous Nmnat1%24*%; wt/V9M, heterozygous
Nmnat1"*"; w/w, wild-type littermate.

had final concentrations of 180 nmol/L for each primer, 225
nmol/L. dNTPs, and 0.55 units of Tag DNA polymerase.
The thermocycling protocol was 97°C for 3 minutes; 40
cycles of 95°C for 15 seconds, 55°C for 15 seconds, 72°C
for 30 seconds; 72°C for 3 minutes. The 278-bp PCR
product was subjected to Sanger sequencing, and concor-
dance of the retinal phenotype with the A>G transition at
c.727 was assessed (Figure 1B).

Both mutant Nmnat! lines were found to be negative for
the Crb1™ mutation.*

Electroretinography

After having been dark-adapted overnight, each mouse was
anesthetized by intraperitoneal injection of ketamine and
xylazine diluted in sterile saline, and the eyes were dilated
by topical application of 1% tropicamide (Nmnat!"*™ mice)
or 1% atropine sulfate (NmnatI”*** mice) approximately
10 minutes before data collection. The mice were placed on
a heated stage to maintain body temperature, and a gold ring
electrode (Diagnosys, Lowell, MA) was gently placed on
the center of each cornea with a small application of
ophthalmic lubricant. Full-field ERGs were recorded
simultaneously from both eyes in response to 4-ms broad-
band stimuli with the use of the ColorDome Ganzfeld
system (Diagnosys). For Nmnatl"* mice, ERGs were
collected from 7 to 10 mice per genotype at 1, 2, 3, 4, 7.5,
and 10 months of age, and for Nmnat1P°#¢ mice, ERGs
were collected across 12 months from three to seven mice
per genotype per time point. The stimulus parameters used
to test each mouse line (described in the next paragraph)
were selected independently at the respective testing facility;
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however, both sets of parameters generate responses from
the target class(es) of photoreceptors. As in all experiments
described here, both male and female mice were tested.

In dark-adapted Nmnatl vom mice, rod-driven ERGs were
recorded in response to a 0.01 cd.s/m? light stimulus (10
flashes at 0.2 Hz), and mixed rod/cone ERGs were recorded
in response to a 10 cd.s/m? light stimulus (three flashes at
0.03 Hz). For dark-adapted Nmnatl D243G mice, rod-driven
ERGs were recorded in response to a 0.006 cd.s/m* light
stimulus (5 flashes at 0.1 Hz), and mixed rod/cone ERGs
were recorded in response to a 0.25 cd.s/m” stimulus (five
flashes at 0.1 Hz). Next, mice were light-adapted by expo-
sure to a steady, rod-suppressing background light that was
set to 5 cd/m* **** for the Nmnat1"*™ mice and 110 cd/m?
for the Nmnat1”?**° mice. This background light then
remained on during the acquisition of cone-driven ERGs
that were recorded in response to a 20 cd.s/m? light stimulus
(20 flashes at 0.5 Hz) for the Nmnat!"*™ mice and a 10
cd.s/m? light stimulus (10 flashes at 1 Hz) for the
Nmnat1”?*3¢ mice.

For all conditions, the magnitude of the ERG b-wave was
measured as the absolute voltage change from the trough of
the a-wave (or from the voltage measured at the expected
implicit time of that trough, should the a-wave be unde-
tectable) to the b-wave peak.”” The a-wave was measured as
the absolute voltage change from prestimulus baseline to the
initial post-stimulus trough.*® Analysis of the a-wave is
reported for brighter stimulus intensities (ie, 0.25 cd.s/m”
and 10 cd.s/m?) in the dark-adapted condition for which this
component of the ERG is robust in normal mice, as opposed
to light-adapted ERGs"’ and dim (ie, 0.006 cd/m? and 0.01
cd/mz) dark-adapted ERGs.*® For the Nmnatl"V?™ line, a
one-way analysis of variance was used for a multiple
comparison across genotypes, and post hoc testing was
performed with the two-tailed, unpaired #-test for which
only P values <0.0167 were considered significant after
Bonferroni correction. The two-tailed, unpaired #-test was
used to determine significance for the Nmnat1?***“ line.

In Vivo Retinal Imaging

Anesthesia and dilation procedures were as described in the
section above for electroretinography. Images were
collected at 0.75, 1, 2, 3, 4, 8, 10, and 15 months of age in
the Nmnat1"®™ mice and at ages up to 12 months in the
Nmnat1”***¢ mice. Fundus images were acquired with the
Micron retinal imaging microscope system (Phoenix Bio-
systems, Pleasanton, CA) and StreamPix software version
5.8.1.4 (NorPix, Montreal, Canada). The Micron model III
was used for assessing the Nmnatl vom mice, and model IV
was used for assessing the NmnatI®*** mice. GenTeal
lubricating ointment was applied to the cornea to minimize
light refraction between the eye and microscope objective.

Cross-sectional retinal images were acquired with the
InVivoVue OCT system (Bioptogen, Morrisville, NC). Both
eyes from 7 to 10 mice from each genotype were tested at
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each time point for the Nmnarl"*™ line, with the exception
of 15 months when five mice were tested per genotype,
whereas one eye from four or five mutant or three to eight
B6 mice was tested at each age for the Nmnat1”***“ line.
For both mouse lines, a rectangular OCT volume centered
on the optic nerve head was captured, and a B-scan located
approximately 200 um ventral to the ONH was selected for
measurement. Retinal thickness was measured as the dis-
tance between the nerve fiber layer and the hyporeflective
boundary between the retinal pigment epithelium (RPE) and
choroid. Significance testing of the data was performed as
described in the section above for electroretinography.

Ex Vivo Retinal Imaging

Nmnat1"" Mice

Mice were euthanized with a lethal dose of Euthasol (Virbac,
Fort Worth, TX), and tissues were fixed by intracardiac
perfusion with the use of a Masterflex peristaltic pump (Cole-
Parmer, Vernon Hills, IL). Each mouse was perfused first
with 0.13 mol/L phosphate-buffered saline (PBS) pH 7.2 to
7.4 that contained 2 U heparin/mL until the perfusate became
clear, then with approximately 30 mL of 4% para-
formaldehyde in PBS, followed by approximately 30 mL of
one-half Karnovsky’s fixative (2% paraformaldehyde and
2.5% glutaraldehyde in 0.1 mol/L sodium cacodylate buffer,
pH 7.4). All solutions were warmed to approximately 37°C at
the time of perfusion, and the rate of injection was approxi-
mately 6.7 mL/min. Immediately after perfusion, each eye
was marked for orientation with permanent ink and enucle-
ated. After 1 hour of post-fixation in one-half Karnovsky’s
fixative, the anterior segment was removed, and the eye cup
was further post-fixed overnight and then washed three times
with sodium cacodylate buffer. Next, the eyecup was incu-
bated with 2% osmium tetroxide, dehydrated with graded
ethyl alcohol solutions, and blocked in epoxy resin.

Eyes were sectioned and prepared for both light micro-
scopy and transmission electron microscopy (TEM). For
light microscopy, semithin (1 pm) transverse sections were
cut at the level of the optic nerve head so that each slice
contained the temporal and nasal retina. The sections were
stained with 1% toluidine blue in 1% sodium tetraborate
aqueous solution and imaged with an Eclipse Ti microscope
(Nikon, Tokyo, Japan). Two mice (one eye each) per geno-
type at the same time points described in /n Vivo Retinal
Imaging were analyzed, with the exception that three mice
per genotype were evaluated at 15 months. Images were
acquired from the nasal retina with the use of a 20x open air
objective with a DS-Fil camera (Nikon ) set to 1.5x optical
zoom. For specimens from the 1-, 4-, and 15-month time
points, ultrathin sections (60 to 90 nm) were cut from the
epoxy blocks using an EM UC7 ultra-microtome (Leica
Microsystems, Buffalo Grove, IL), stained with uranyl ac-
etate and Sato’s lead citrate stain, and then imaged by TEM
using a Tecnai G2 Spirit transmission electron microscope
(FEL Hillsboro, OR) and AMT XR41 digital CCD camera
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(Advanced Microscopy Techniques, Woburn, MA). For
some light microscopy and TEM images, an additional
brightness/contrast adjustment was made with Photoshop
(Adobe Systems, Mountain View, CA).

Tissue preparation and immunofluorescence analyses on
sagittal vibratome sections was performed as described
previously,” with the exceptions that the mice were
euthanized by carbon dioxide asphyxiation, eye orientation
was marked with a mild corneal burn with the use of a small
vessel cauterizer (Fine Scientific Tools, Foster City, CA),
and Fluoromount G was used as the slide mounting
medium. Images were acquired from the ventral retina using
a Leica SP5 confocal microscope (Leica Microsystems), and
10-um Z-stacks (0.5-um spacing between image slices)
were assembled in ImageJ version 1.50g (NIH, Bethesda,
MD). Final images were generated by brightest point pro-
jection and sharpened with the Unsharp Mask function (1.0
pixel radius, 0.3 mask weight).

Nmnat1%?43¢ Mice

Tissue preparation for light microscopy was performed as
previously described”” in three or four mice per genotype at
ages 1, 3, 6, 9, and 12 months. Briefly, after carbon dioxide
asphyxiation, eyes were enucleated and placed in cold acetic
acid/methanol solution overnight at 4°C. The eyes were then
embedded in paraffin, sectioned at 5 pum, stained with he-
matoxylin and eosin, and examined under light microscopy.
Slides were scanned with a NanoZoomer 2.0HT (Hama-
matsu, Japan) at 40x magnification with the use of a 20x
objective and 2x digital zoom. Post-acquisition processing
was completed with Fiji’' with images taken within 500 pm
on either side of the optic nerve head for each sample and
sharpened with the Unsharp Mask function (1.0 pixel radius,
0.7 mask weight). Three to five independent samples were
assessed for each time point.

For immunofluorescence, eyes were enucleated and fixed
overnight in cold methanol/acetic acid/phosphate-buffered
solution (3:1:4 v/v/v). Tissues were then dehydrated,
paraffin-embedded, and sliced into 5-um sections before
being deparaffinated and blocked with normal donkey serum
(Jackson ImmunoResearch, West Grove, PA). The primary
antibodies used were goat anti—S-opsin (sc-14363; Santa
Cruz Biotechnology, Santa Cruz, CA) and rabbit anti—M/L-
opsin (AB5405; Millipore, Billerica, MA), both diluted
1:200. After overnight incubation in primary antibody at 4°C,
the sections were washed in PBS and incubated with
secondary antibodies for 1 hour at room temperature. The
secondary antibody for the S-opsin antibody was Alexa Fluor
488-labeled donkey anti-goat IgG (Life Technologies,
Carlsbad, CA), and the secondary antibody for the L/M-opsin
antibody was cyanine 3-labeled donkey anti-rabbit IgG
(Jackson ImmunoResearch), both diluted 1:200. Specimens
were stained with DAPI nuclear stain, washed several times
in PBS, and mounted in Vectashield anti-fade medium
(Vector Laboratories, San Mateo, CA). Fluorescent staining
was visualized with a DMLB upright microscope (Leica
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Microsystems) with the use of the QImaging camera system
(QImaging, Surrey, BC, Canada).

TEM analysis was performed on 1-month-old eyes that
were fixed and dissected as previously described.”” The
tissue was then post-fixed in osmium tetroxide, dehydrated,
embedded in plastic, and sectioned. Ultrathin sections were
stained with uranyl acetate and lead citrate and then imaged
with a JEM-1230 (JEOL, Tokyo, Japan) transmission elec-
tron microscope.

Pupillary Light Response

Video clips of pupil constriction in response to the onset of
steady light exposure were recorded with the Micron retinal
imaging microscope system (model III for Nmnat1"*™ mice;
model IV for Nmnat1”?**®) and built-in light source. The
light stimulus was set to approximately 50% of the
maximum brightness (approximately 60,000 lux) without
filters. In Fiji, single frames from the Nmnat1®**¢ re-
cordings were cropped, sharpened with Unsharp Mask
(radius 1, mask weight 0.8), and contrast enhanced with
Enhance Local Contrast with the use of default settings,
except for a maximum slope of 2.00.

Results

The Nmnat1"*™ and Nmnat1”?**“ mice were generated by
ENU mutagenesis, as described in Materials and Methods.
Neither homozygous Nmnatl"*™ nor Nmnat1®***¢ mice
presented an extraocular phenotype. Size, weight, activity
level, motor coordination, breeding success, and life ex-
pectancy were normal.

Loss of Retinal Function in Nmnat1 Mutant Mice

Measurements of retinal function with the wuse of
electroretinography showed that both Nmnat1'*™ and
Nmnat1”?**¢ mutant mice experienced rapid loss of rod and
cone function. Rod-driven, mixed rod/cone, and cone-
driven ERGs were collected at 1, 2, 3, 4, 7.5, and 10
months from wild-type, heterozygous, and homozygous
Nmnat1"*™ mice littermates (Figure 2). In all three stimulus
conditions, the b-wave measurements in wild-type and
heterozygous Nmnatl"*™ littermates were statistically
equivalent (two-tailed, unpaired -test) at every time point,
and both sets of mice show an age-dependent decrease that
was consistent with previous studies.*””*>* Although the
responses in homozygous Nmnat1"*? mice were decreased
by approximately 35% at 1 month in both dark-adapted
conditions (rod-driven and mixed rod/cone) and by 40%
in the light-adapted condition, these difference were not
statistically significant (one-way analysis of variance,
P = 0.06 for rod-driven ERG; P = (.14 for mixed rod/cone
ERG, P = 0.03 for cone-driven ERG). By 2 months, the
decrements in the rod-driven, mixed rod/cone, and cone-
driven ERGs in homozygous Nmnatl"* mice were
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>70% (P = 1.8 x 1077, 3.8 x 107% and 3.1 x 1075,
respectively), and by 4 months, ERGs were undetectable
across all conditions. Homozygous Nmnat1”***¢ mice also
showed greatly reduced retinal function in comparison with
age-matched wild-type B6 mice in rod-driven (—72%, un-
paired #-test: P = 1.6 x 10_3), mixed rod/cone (—87%,
unpaired #-test: P = 3.3 X 1077), and cone-driven (—71%,
unpaired r-test: P = 1.7 x 10~*) conditions by 12 months;
this occurred along a slower time scale than for homozygous
Nmnat1"®™ mice (Supplemental Figure S1).

To directly confirm the loss of photoreceptor function, the
a-wave was measured in the dark-adapted ERGs generated
in response to the 10-cd.s/m” stimulus for the Nmnatl"*™
mice and the 0.25-cd.s/m? stimulus for the Nmnatl?***¢
mice. Although the a-wave was not significantly different
across genotypes in the Nmnatl"*™ line at 1 month (one-
way analysis of variance, P = 0.06), it was decreased in
homozygous Nmnat1"*™ mice by 91% (P = 1.0 x 10 '%)
in comparison with the wild-type and heterozygous litter-
mates at 2 months (Figure 2). By 4 months, the a-wave was
absent in homozygous Nmnatl"*™ mice, as was the b-wave.
The a-waves of the Nmnat1”***® homozygous mutant and
B6 wild-type control mice were equivalent (unpaired r-test,
P = 0.86) at 1 month (Supplemental Figure S1). However,
the a-wave of the homozygous mutant mice declined rapidly
between 3 and 4 months, and by 12 months, this component
of the ERG was decreased by 83% (P = 7.4 x 107°) in
comparison with that of the control mice.

Retinal Degeneration in Nmnat1 Mutant Mice

In vivo retinal imaging of heterozygous and homozygous
Nmnatl”*™ mice and wild-type littermates at 0.75, 1, 2, 3, 4,
8, 10, and 15 months of age showed a progressive and
severe chorioretinal degeneration. The representative pairs
of fundus and OCT images shown for each time point in
Figure 3A were collected from the same retina; images from
heterozygous Nmnatl'*™ mice are not presented because
they were indistinguishable from those of the wild-type
littermates. At 3 weeks, the fundus and OCT images from
homozygous Nmnatl"* mice appeared normal. However,
despite an unremarkable fundus image at 1 month, the retina
was noticeably thinner, particularly at the level of the pho-
toreceptors. By 2 months, retinal vasculature was attenu-
ated, and by 3 months, there was evidence of optic atrophy.
At 4 months, OCT showed an advanced degeneration of the
photoreceptor layer, and the polygonal lattice of the RPE
could be seen through the remaining neural retina in the
fundus image. By 8 months, RPE degeneration was sug-
gested by depigmented patches that spread to cover much of
the retina in the 10- and 15-month-old mice. Similar
changes in retinal morphologic structure occurred in ho-
mozygous Nmnat1”?**¢ mice (Figure 3B) but at a slower
rate.

The progressive retinal thinning in the homozygous
Nmnat1¥®™ and NmnatI®**S mice was quantified by
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Figure 2  Retinal function declines with age in
V9M/V9M mice. ERG data from wt/wt, wt/V9M , and
V9M/V9M mice across 10 months. A—C: B-wave
measurements from rod (A), mixed rod/cone (B),
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measuring the distance from the nerve fiber layer to the
RPE. Although the retinal thickness remained stable in wild-
type littermates and heterozygous Nmnatl"*™ mice, loss of
retinal structure in homozygous Nmnatl'*™ mice was
especially rapid during the first 4 months of life (Figure 3C).
Normal retinal thickness was observed in 3-week-old
homozygous Nmnatl"* mice (one-way analysis of vari-
ance, P = 0.78), but 1 week later, the retinas were
approximately 18% thinner than those of the littermate
controls (P = 5.1 x 107'). Retinal thickness in homozy-
gous Nmnat1"*™ mice was then reduced by approximately
35% (P = 1.1 x 107%°) at 2 months, approximately 45%
(P = 1.7 x 107°®) at 4 months, and approximately 57%
(P = 1.6 x 107%%) at 15 months. In contrast, the retinas of
homozygous Nmnat1”?**“ mice were not significantly
thinner than wild-type at 1 month (unpaired, two-tailed
ttest, P = 0.07), and were 47% (P = 1.5 x 1079
thinner than normal at 12 months (Figure 3C).

The in vivo retinal imaging results were corroborated by
retinal histology. Light microscopy of toluidine blue—
stained, semithin sections showed progressive retinal
degeneration in homozygous Nmnatl'*™ mice across 15
months, whereas the morphologic structure of both wild-
type littermates and heterozygous Nmnatl"® retinas
remained unchanged (Figure 4A). Although homozygous
Nmnat1¥*™ retinas appeared normal at 3 weeks, the
photoreceptor outer segment layer and outer nuclear layer
showed thinning at 1 month and nearly complete
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degeneration by 4 months; only one row of photoreceptor
nuclei was visible in the representative image. The inner
nuclear layer, which contains the bipolar cell nuclei, main-
tained a normal appearance for the first several months but
then became increasingly disorganized and thinner by 15
months. Similarly, the RPE was morphologically normal for
at least the first 4 months of life, but by month 8 there were
patches that had degenerated entirely (Figure 4A). These
areas in which the RPE was absent were consistent with the
pigmentation pattern observed in the fundi of older mice
(Figure 3). A similar, albeit more gradual, outer retinal
degeneration was observed in homozygous NmnatlP**¢
mice (Figure 4B). Although neither ex vivo nor in vivo
imaging data established whether development was
completely normal in the mutant Nmnat! retina, ERG data
(Loss of Retinal Function in Nmnatl Mutant Mice) and
immunolabeling of the cone opsins (Supplemental
Figure S2) confirmed that these retinas developed and had
function.

TEM imaging further validated the results from light mi-
croscopy. A decrease in photoreceptor outer segment length
was evident at 1 month of age in the homozygous Nmnat1"*"
mice (Figure 5A), and regions of RPE cell degeneration were
evident at 15 months (Figure 5B). In places where the RPE
remained, the apical processes that would ordinarily inter-
digitate with the photoreceptor outer segments were coiled,
and the basal infoldings had been largely replaced by basal
deposits. In 1-month-old homozygous Nmnat1”?**¢ mice,
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the photoreceptor outer segments and RPE had a normal
appearance (Supplemental Figure S3).

Amaurosis in Nmnat1 Mutant Mice

Although the ERG revealed a complete loss of outer retinal
function for homozygous Nmnatl**™ mice, these measure-
ments did not specifically assess inner retinal cell function.
Because photoreceptors and intrinsically photosensitive
ganglion cells ordinarily contribute to the pupillary light
response, the intrinsically photosensitive ganglion cells
could be evaluated functionally by observing this reflex
after photoreceptor degeneration. In advanced cases, ho-
mozygous Nmnatl"*" mice were found to have attenuated
pupillary constriction in response to light, whereas wild-
type littermates and heterozygous Nmnatl"*™ mice main-
tained normal pupillary light responses (Figure 6). This
aspect of the phenotype was observed as early as 11.5
months of age. No homozygous Nmnat®***° mice were
identified as having lost the pupillary light response during
the first 15 months of life (Supplemental Figure S4), which
is consistent with a slower progression of retinal degener-
ation, relative to the homozygous Nmnat"*™ mice.

Discussion

The retinal degenerative phenotype in both homozygous
Nmnat1"*™ and Nmnat1®**¢ mice follows a monogenic
recessive inheritance pattern without exception, showing a
clear causal connection between the mutant Nmnat! alleles
and disease. This early-onset chorioretinal degeneration
fully recapitulates key aspects of human NMNATI-LCA in
that there is a severe loss of retinal function associated with
widespread thinning of the retina which is first observed at
the level of the photoreceptor cells, followed by attenuation
of retinal vasculature, optic atrophy, and a nonuniform
degeneration of the RPE. This RPE phenotype may directly
correspond to the atrophic macular lesions with RPE loss
that is observed in patients."*'" To our knowledge, the
homozygous Nmnat1"*™ line is the only LCA mouse model
that has been shown to develop pupillary amaurosis, a
feature of all genetic forms of LCA” that arises from the loss
of photoreceptor and intrinsically photosensitive ganglion
cell function.”®>>">7 As in human patients, the disease in
mice appears to be confined to the retina. Affected animals

are otherwise healthy, are of normal size and weight, show
normal levels of activity and motor coordination, breed
normally, and live equally as long as their littermates; this
implies that NMNAT 1 serves an especially important role in
the retina.

Because these mouse models were generated and
discovered in ENU-mutagenesis screens, confirming that the
phenotype is caused entirely by each mutation under
investigation is difficult. Another unknown genetic variant
that persists even after multiple outcrosses with wild-type
mice could affect the results.”’** This study accounts for
that concern in two complementary ways. First, the homo-
zygous Nmnatl'*™ mice were always compared with
littermate controls, which would be expected to harbor the
same additional variants. Second, having been generated
independently greatly reduces the likelihood that the
Nmnat1"*™ and Nmnat1®**¢ lines would share the same
secondary ENU-induced mutations. The chance of both
mouse lines harboring an additional, physically linked mu-
tation that causes or contributes to the phenotype is low.

In both homozygous Nmnatl"®™ and Nmnatl®**°¢
mutant mice, degeneration occurs after retinal development.
Data collected from these mice suggest that photoreceptors
are most vulnerable to disruptions in NMNATI because
they are the first cell type to show signs of disease, with
shortening of outer segments evident at 1 month in the
homozygous Nmnat1"*™ mice. In both mouse lines, the loss
of photoreceptor cell nuclei is precipitous and appears to
precede the changes observed in other retinal cell types.
Photoreceptors may be hypersensitive to decreased levels of
nuclear NAD" because of their extremely high metabolic
activity.”® ® Recent work has shown that a mutation in
NMNAT]I which changes the charge of a critical amino acid
residue likely destabilizes the secondary protein structure
when stressed by heat shock,”” and environmental chal-
lenges in cells with high metabolic activity could potentially
trigger a similar effect. The metabolic demands of light
exposure after eye opening®' that require processes sup-
ported by NMNAT1 may overwhelm mutant photorecep-
tors, which is consistent with these cells degenerating after
development. This idea is supported by data from
Drosophila, showing that photoreceptor degeneration
caused by a loss of the nmnat protein can be significantly
reduced by blocking phototransduction.”’ Although to a
lesser extent than photoreceptors, homozygous Nmnatl"*"

Figure 3

In vivo retinal imaging shows rapid and severe chorioretinal degeneration. A: Representative pairs of fundus and OCT images from the Nmnat1"*"

mouse line across 15 months at ages indicated. Optic atrophy is evident at 3 months (black arrow). Boxed areas are shown at higher magnification below.
Bottom row: At 4 months, the polygonal lattice of the RPE is visible, and at 8 months, regions of RPE degeneration are observed (asterisk). Larger regions of
RPE degeneration are indicated with black arrowheads in the images at 10 and 15 months. B: Representative pairs of fundus and OCT images from the

Nmnat19243¢

and control mice across 12 months. Boxed areas are shown at higher magnification below. C: Retinal thickness at different ages, measured as the

distance from the nerve fiber layer to the RPE (orange arrow and gray arrow, respectively, in images in A and B). The left panel shows measurements for wt/
wt, wt/V9M , and V9M/V9M mice. The right panel shows measurements for B6 and D243G/D243G mice. The initial loss of retinal thickness is due to outer
retinal degeneration; region between the blue and gray arrows in images in A and B. Data are expressed as means + SEM. **P < 0.01, ***P < 0.001. Scale
bars: approximately 100um (magnified images); approximately 150pm (OCT images, x and y dimensions); approximately 250um (fundus images).
D243G/D243G, homozygous Nmnat1°24%%; RPE, retinal pigment epithelium; V9M/V9M, homozygous Nmnat1"*"; wt/V9M, heterozygous Nmnat1"*"; wt/wt, wild-

type.
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6 months

D243G/D243G ~ D243G/D243G  D243G/D243G ~ D243G/D243G ~ D243G/D243G wt/wt
1 month 1 month

9 months 12 months 12 months

Light microscopy shows retinal degeneration. A: Nmnat1"*". Representative bright-field images of semithin (1 um) sections obtained from mice

at the indicated ages stained with toluidine blue, which were acquired from the nasal retina at the plane of the optic nerve head. B: Nmnat1°?4%¢, Repre-
sentative bright-field images of 5-um paraffin sections stained with hematoxylin and eosin. Rapid photoreceptor loss is observed in both mutant mouse lines.
RPE degeneration is also evident in the V9M/V9M mice by 8 months of age (arrow). Scale bars: 50 pm (A); 25 pum (B). Original magnification: x30 (A);
x40 (B). chrd, choroid; D243G/D243G, homozygous Nmnat1°2#*¢; GCL, ganglion cell layer; INL, inner nuclear layer; IPL, inner plexiform layer; ONL, outer
nuclear layer; OPL, outer plexiform layer; PIS, photoreceptor inner segments; POS, photoreceptor outer segments; RPE, retinal pigment epithelium; V9M/V9M,

homozygous Nmnat1"™"; wt/wt, wild-type.

and Nmnat1”?**¢ mice show that the RPE cells also depend

on NMNATI as they undergo degeneration, as do inner
retinal cells (eg, bipolar cells) in the homozygous
Nmnat1"*™ mice. The development of pupillary amaurosis
in homozygous Nmnatl"®™ mice may indicate loss of
intrinsically photosensitive ganglion cells in the advanced
stage of the disease.”*”” 7’

Two hypotheses, which are not mutually exclusive, have
been proposed to explain why mutations in NMNATI vari-
ants cause retinal disease. First, abnormal enzymatic activity
in mutant NMNATI alters nuclear NAD™ levels, and this
loss of nuclear NAD ' homeostasis interferes with important
cellular processes. For example, DNA repair, gene tran-
scription, and programed cell death are modulated by
PARP1-mediated poly(ADP-ribosyl)ation, which is the
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main consumer of this NAD™ pool.®* °° Similarly, nuclear
sirtuins (eg, SIRT1, SIRT6, and SIRT7), which are impor-
tant to cell survival because of their histone and transcrip-
tion factor deacetylase activity, also rely on nuclear
NAD™.%"%® Failure of sirtuin function may be secondary to
depletion of nuclear NAD™ by activated PARP1.®” Evi-
dence suggests that the degree to which NMNATI is
catalytically dysfunctional depends on the mutation
harbored,”'”*” and such variability across mutants may
explain individual differences in the rate of disease pro-
gression within the patient population. Second, NMNAT1 is
hypothesized to act as a stress-response protein, and muta-
tions could disrupt associated neuroprotective activity. This
alternative role for NMNAT1 was observed in Drosophila
where nmnat acts as a chaperone to facilitate neuronal
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wt/wt 15 months

VOM/VIM 1 month

A, .

VIOM/VIM 15 months

Transmission electron microscopy shows morphologic changes in V9M/V/9M photoreceptors and RPE. A: Representative images from 1-month-old

mice show photoreceptor outer segments of normal length in the wt/wt retina compared with shortened outer segments in the V9M/V9M retina. B: Repre-
sentative images acquired at the level of the RPE at 4 and 15 months in wt/wt and V9M/V9M retina, as indicated. Coiled apical processes are marked with
arrowheads. Scale bars: 10 um (A); 3 um (B). Original magnification: x 1400 (A); x6800 (B). chrd, choroid; POS, photoreceptor outer segment; RPE, retinal

pigment epithelium; V9M/V9M, homozygous Nmnat1"*"; wt/wt, wild-type.

protection and neuronal maintenance when faced with axon
injury or induced neurodegeneration in a manner indepen-
dent of its NAD" synthase function.'”"** Similarly, the
WId® fusion protein, containing full-length Nmnatl and a
fragment of multiubiquitination factor Ube4b, was found to
delay neurodegeneration after nerve injury’® in mice,”*
rats,25 and flies.”'

The homozygous Nmnat and Nmnat mice are
promising resources for understanding pathogenesis of
retinal degeneration in NMNATI-associated LCA. These
mouse models may help to distinguish whether and how
altered NMNAT1 enzymatic and/or stress-response activity
cause disease. The difference in the natural history of dis-
ease between these mouse strains, which are on the same
genetic background (B6), should allow for correlative
studies that answer questions about allelic variation and the
disease progression. In addition, these mice may also be

1 VoM 7 D243G

VOM/VIM

Figure 6  V9M/V9M mice develop amaurosis. Frames from video re-
cordings of the eyes of 11.5-month-old wt/wt, wt/V9M , and V9M/VIM
littermates on exposure to a steady light stimulus. Pupils are outlined in
yellow. V9M/V9M, homozygous Nmnat1"™™; wt/V9M, heterozygous
Nmnat1"®"; wt/wt, wild-type.
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useful for defining the normal roles of NMNATI in the
brain and other organs throughout the body.

The development of animal models that faithfully reca-
pitulate NMNATI-associated LCA will facilitate the devel-
opment of therapies for patients with this severe form of
retinal degeneration."” '’ Gene augmentation therapy that
uses adeno-associated virus vectors is especially attractive
for treating inherited retinal degenerations on the basis of
positive results from early clinical trials of adeno-associated
virus—mediated gene therapy for RPE65-associated LCA,
choroideremia,  X-linked androleukodystrophy, and
hemophilia,”’ " as well as the success of gene therapy in
other animal models of inherited retinal degenerations.”*” "’
Studies are now in progress to test this approach using
homozygous Nmnatl"”™ mice. Given that amaurosis is
observed in homozygous Nmnat1"* mice, recovery of the
pupillary light response could provide an additional nonin-
vasive assessment of therapeutic efficacy’®; this method was
used in gene augmentation for RPE65-LCA in dogs’’ and
humans.”**" Moreover, identifying the disease mechanisms
underlying retinal degeneration in the homozygous
Nmnat1"®™ and Nmnat1”***° mice may lead to more
therapeutic options for patients with NMNATI-LCA.
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