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An impediment to the development of effective therapies for neurodegenerative disease is that available animal models do
not reproduce important clinical features such as adult-onset and stereotypical patterns of progression. Using in vivo mag-
netic resonance imaging and behavioral testing to study male and female decrepit mice, we found a stereotypical neuroana-
tomical pattern of progression of the lesion along the limbic system network and an associated memory impairment. Using
structural variant analysis, we identified an intronic mutation in a mitochondrial-associated gene (Mrpl3) that is responsible
for the decrepit phenotype. While the function of this gene is unknown, embryonic lethality in Mrpl3 knock-out mice sug-
gests it is critical for early development. The observation that a mutation linked to energy metabolism precipitates a pattern
of neurodegeneration via cell death across disparate but linked brain regions may explain how stereotyped patterns of neuro-
degeneration arise in humans or define a not yet identified human disease.
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Significance Statement

The development of novel therapies for adult-onset neurodegenerative disease has been impeded by the limitations of avail-
able animal models in reproducing many of the clinical features. Here, we present a novel spontaneous mutation in a mito-
chondrial-associated gene in a mouse (termed decrepit) that results in adult-onset neurodegeneration with a stereotypical
neuroanatomical pattern of progression and an associated memory impairment. The decrepit mouse model may represent a
heretofore undiagnosed human disease and could serve as a new animal model to study neurodegenerative disease.

Introduction
The identification of rare highly penetrant genetic mutations
that cause familial forms of neurodegenerative disease has
advanced the study of conditions such as Alzheimer’s disease
(Tanzi, 2012), Parkinson’s disease (Klein and Westenberger,
2012), and amyotrophic lateral sclerosis (Ghasemi and Brown,
2018) by enabling the creation of genetically engineered
mouse models. However, it has been difficult to create mouse
models that accurately reproduce the adult-onset and progres-
sion that is observed in sporadically occurring human neuro-
degenerative disease. Moreover, as it remains unknown why
these diseases exhibit stereotyped neuroanatomical patterns of
progression, this aspect of these diseases has been difficult to
study or model.
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Previously, a mouse model, termed “decrepit” (dcr), arose
from a spontaneous mutation in an inbred mouse colony and
had been reported to have an adult-onset neurodegenerative dis-
ease (Sproule et al., 2010); however, the causal mutation and the
mechanism of brain injury remained elusive. The dcr phenotype
becomes apparent at ;10weeks of age (equivalent to adulthood
in humans (Dutta and Sengupta, 2016)), when the mice develop
an unkempt appearance and exhibit an abnormally hunched pos-
ture. The mice cease to gain weight and have a shortened life span
compared with controls (18–22weeks compare with .52weeks).
Histologic evaluation of the brain of dcr mice revealed bilaterally
symmetric loss of neurons and complete vacuolization of tissue in
the cortex and hippocampus (Sproule et al., 2010). Dilated blood
vessels and signs of stress reactions (GFAP-positive reactive astro-
cytes) were also observed; however, there was no evidence of hem-
orrhage or blood clots. The physiological basis for the cerebral
pathology could not be determined.

Using advanced in vivo magnetic resonance imaging (MRI) in
combination with deformation-based morphometry, we studied the
progression of neurodegeneration and performed a comprehensive
assessment of the changes in neuroanatomy. Compared with the
histologic techniques used previously (Sproule et al., 2010), 3DMRI
provides the advantage of unbiased, whole-brain analysis without
tissue-processing artifacts. The dcr phenotype was further investi-
gated using the Barnes maze as a test of learning and memory, and
using x-ray micro-computed tomography (micro-CT) imaging to
study cross-sectionally the alterations in cerebrovascular architec-
ture. We identified a stereotypical neuroanatomical pattern of dis-
ease progression and associated memory impairment in decrepit
mice. Using variant analysis of next-generation genome sequencing
data, we were able to identify an intronic mutation in a largely
unstudied gene responsible for the decrepit phenotype.

Materials and Methods
Animals. Mice carrying the dcr mutation (C57BL/6J background;
Sproule et al., 2010) were acquired from The Jackson Laboratory and
bred at The Center for Phenogenomics (TCP). The colony was main-
tained by breeding mice that are heterozygous for the dcr mutation, and
the wild-type mice (without the dcr mutation) were used as controls.
The genotyping was completed using standard PCR and electrophoresis
at The Center for Applied Genomics. The wild-type primers are forward
primer (TCTCGAGAGTCAGCTCATAGAGACA) and reverse primer
(CCCCGCAGAGACTCATTACCT), product size 451 bp; and the dcr
primer is forward primer (CAGGAACACCTCGATGCTC), produce
size 214 bp. Mrpl3 (mitochondrial ribosomal protein L3) knock-out mice
(C57BL/6N-Mrpl3tm4b(KOMP)Tcp/2Tcp) were made as part of the North
American Conditional Mouse Mutagenesis 2 (NorCOMM2) project and
were generated using the Knockout Mouse Project (KOMP) targeting
vector (PRPGS00036_D_A05) obtained from the KOMP Repository.
The vector was used for targeting in C57BL/6NTac-C2 embryonic stem
(ES) cell lines using standard protocols (Behringer et al., 2014),
expanded and aggregated for chimera generation (Gertsenstein et al.,
2010). Male chimeras with .50% ES cell contribution to the coat color
were bred with albino outbred CD-1 females. ES cell germline transmis-
sion was detected by black eyes and the coat color of the pups, then the
chimera-transmitter was mated to C57BL/6NCrl mice and their progeny
were screened. The ES cells and derived mouse line were subjected to
quality control including long-range PCR across the 59 homology arm
and quantitative real-time PCR (qRT-PCR) loss-of-allele assay for the
wild-type allele [copy number (CN) = 1 in correctly targeted mutations
and CN=2 in wild-type] to confirm targeting. Gene-specific short-range
PCR to confirm the presence of the lacZ cassette and distal loxP sites
and qRT-PCR to assess vector copy number (CN=1) were also done
(data not shown). Cre excision was achieved by breeding a heterozygous
C57BL/6N-Mrpl3tm4a(KOMP)Tcp/2Tcp male with heterozygous C57BL/

6N-Gt(ROSA)26Sortm1(ACTB-Cre,-EGFP)Ics/Tcp (Cre-EGFP) females to pro-
duce C57BL/6N-Mrpl3tm4b(KOMP)Tcp/2Tcp mice. The mouse line was
established by backcrossing Mrpl3tm4b1/�;Cre-EGFP- mice to C57BL/
6NCrl (Charles River Laboratories). Heterozygotes were intercrossed
and sampled for genotyping at postnatal day 14 (P14) to P17. Lethality
was defined as the absence of homozygous mice after screening at least
28 pups (Dickinson et al., 2016; 99 pups genotyped during adult pheno-
typing cohort production for early adult phenotyping (see below); 27
wild-type; 72 heterozygotes; 0 homozygotes). All animal experiments
were approved by the Animal Care Committee at The Center for
Phenogenomics and performed in accordance with guidelines estab-
lished by the Canadian Council on Animal Care.

Experimental design and statistical analyses. All statistical tests were
performed using RMINC (https://github.com/Mouse-Imaging-Centre/
RMINC) and R statistical software (www.r-project.org). Table 1 provides
a detailed description of animal allocation within the study. Each assay
was conducted on a separate cohort of mice. To assess lesion progression
and to detect changes in neuroanatomy associated with the dcrmutation,
37 dcr mice (23 males and 14 females) and 37 control mice (17 males
and 20 females) were imaged cross-sectionally using in vivo MRI from
50 to 150 d of age. The recovery rate of the dcrmice after prolonged iso-
flurane exposure (.2.5 h) was low, and therefore the mice could only be
imaged at one time point. To assess whether there were differences in
the trajectory of brain growth between dcr and control mice, we used a
best fit linear or quadratic model (a quadratic model was statistically jus-
tified for 18 of the 60 structures) with main effects of genotype, age, and
sex, including interaction terms. For structures where there was a signifi-
cant age-by-genotype interaction, genotype differences were assessed by
using the best fit linear or quadratic model to interpolate the absolute
structure volumes at 130 d of age. Multiple comparisons were controlled
using a false discovery rate (FDR) threshold of 10% (Genovese et al.,
2002). To investigate the cellular mechanism underlying the brain tissue
damage, two dcr and two littermate control mice at ;150 d of age were
studied by histopathology. The total number of cells in the granular cell
layer of the hippocampus was counted in six random samples with a
frame size of 100 � 100mm on one coronal brain slice. The number of
cells was analyzed using a linear mixed-effects model with group (dcr,
control) as a fixed effect and mouse ID as a random effect to account for
variation between mice.

At 8–10weeks of age, 9 dcr (5 males and four females) and 9 litter-
mate control (5 males and four females) mice were trained on the
Barnes maze, a test of spatial learning and memory (Barnes, 1979). The
mice then repeated the training 1 month later. These time points were
chosen to capture the onset of symptoms and before degeneration and
overt abnormal behavior (i.e., lethargy). Primary latency (Harrison et al.,
2006), the time to the first encounter with the escape hole and path
length were recorded during each training trial. To assess any differences
in behavioral outcomes between groups, for each training session we
perform an ANOVA on a linear mixed-effects model with trial and ge-
notype as fixed effects and allowing for interaction between the two.
Mouse ID was treated as a random factor to account for variation
between mice. If there was a significant trial-by-genotype interaction, we
performed post hoc t tests to investigate the performance of each group
for each session. We also tested to see whether there were any differences
in behavior between sessions for each group, using an ANOVA on a

Table 1. Number of mice included in the analysis for each experimental assay

Experimental
Assay

Control
mice

dcr
mice

Mrpl31/�

mice

M F M F M F

In vivo MR imaging 17 20 23 14
Barnes maze testing 5 4 5 4
Ex vivo micro-CT imaging 5 8 6 11
Mitochondrial enzyme activity 9 7 10 5
IMPReSS phenotyping 10 9 10 9
Ex vivo MR imaging 10 9 12 12

F, Female; M, male.
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linear mixed-effects model with trial and session as the fixed effects and
mouse ID as the random variable. For the probe trial, the same models
were used to test for differences in time spent in each quadrant (normal-
ized to yield percentage time) except quadrant was substituted for trial.
A value of p, 0.05 was taken to be significant.

To investigate the anatomy of the cerebrovasculature, 3D datasets
were acquired for 17 dcr mice (6 males and 11 females) and 13 control
mice (5 males and 8 females) using micro-CT at 53–153 d of age. The
data were analyzed using a two-way ANOVA to evaluate the effects of
genotype and age. A value of p, 0.05 was taken to be significant.

An ex vivo MRI study was performed to determine whether the
neuroanatomical changes detected in the dcr mice were recapitulated
in the Mrpl31/� mice. At 12 weeks of age, 24 Mrpl31/� mice (12
males and 12 females) and 19 littermate controls (10 males and 9
females) were anesthetized with ketamine/xylazine, and a transcar-
diac perfusion was performed as previously described (Cahill et al.,
2012). To detect neuroanatomical differences between Mrpl31/� and
control mice, we used a linear model for each structure and at every
voxel with the main effects of group, sex, and group-by-sex interac-
tion (FDR= 10%).

In vivo and ex vivo magnetic resonance imaging. MRI was conducted
on a multichannel 7.0 T, 40-cm-diameter bore magnet (Varian) equipped
for imaging multiple mice simultaneously (Dazai et al., 2011). For in vivo
imaging, mice were imaged using 0.7–1.0% and 1.0–1.2% isoflurane for
the dcr and control mice, respectively. The isoflurane concentration was
chosen to maintain a constant breathing rate of ;40–60 breaths/minute.
The mice were kept warm during the scan using warm air, with the body
temperature and breathing continuously monitored throughout the imag-
ing. The in vivo imaging protocol consisted of a T2-weighted, 3D fast
spin-echo with the following parameters: TR=1800ms; TEeff = 40ms;
echo train length=12; field-of-view=3.5� 4.2� 2.1 cm; matrix size =
280� 336 � 168; isotropic image resolution=125mm. The scan time was
2 h and 20min. The ex vivo imaging protocol consisted of a T2-weighted,
3D fast spin-echo using a cylindrical k-space acquisition with
TR=350ms; TE=12ms; echo train length=6; four averages; field-of-
view=2.0� 2.0� 2.5 cm; matrix size = 504� 504 � 630; isotropic image
resolution=40mm (Spencer Noakes et al., 2017). The scan time was 14 h.

The in vivo and ex vivo images were analyzed separately but followed
similar registration procedures. Consensus average brain images were
derived from the 74 individual in vivoMR images and the 43 ex vivoMR
images using an automated image registration approach (Lerch et al.,
2011a). The Jacobian determinants provided an estimate of the local vol-
ume changes at every voxel in the brain. A segmented atlas, with 60 la-
beled structures for the in vivo images and 182 structures for the ex vivo
images, was registered to the average image to calculate the volumes of
the brain structures in each image (Dorr et al., 2008). The lesion volume
was determined by manual segmentation using Display (MINC tool kit,
McConnell Brain Imaging Center).

Histology. Fixed brains were removed from the skull, paraffin embed-
ded, and sectioned (4mm) on the coronal plane. Tissue sections were
stained with hematoxylin and eosin, and the slides were digitized using a
slide scanner at 40� resolution.

Behavioral analysis. Briefly, the Barnes maze consists of a circular ta-
ble with 40 equidistant holes located at the periphery and one “escape
box” (Scholz et al., 2015). The maze is surrounded by four spatial cues,
and mice are tracked by Ethovision XT software (Noldus Information
Technology). After a 60 s habituation trial, mice were trained on six trials
per day for 2 consecutive days. Each trial ended when the mouse either
entered the escape box or after 180 s had passed and they were guided to
the correct hole. On day 3, a probe trial, where the escape box was
replaced with a shallow well, was run for 90 s.

Genome sequencing and confirmation of insertion. Genomic DNA
was extracted from a homozygous dcr mouse and sent to Nimblegen for
array capture (Nimblegen). Targeted resequencing was conducted on
the dcr genetic interval on chromosome 9 as well as ;1Megabase (Mb)
upstream and downstream of this region (9:103.3–106.3Mb, MGSCv37,
mm9). The genomic DNA was then fragmented, hybridized to the array,
and eluted. Following paired-end sequencing on Illumina HiSeq 2000 at
the Vanderbilt University Microarray Shared Resource, the sequence

reads (100 bp in length) were analyzed using Galaxy. In addition, reads
were aligned to a reference genome, and the alignment was visualized
using Savant Genome Browser (Fiume et al., 2010). The Velvet de novo
assembler (Zerbino and Birney, 2008) was used to identify long continu-
ous sequences that did not match the reference genome and to look for
structural variants. After identification of a novel insertion, primers were
designed using an Ensembl sequence to bracket the site of interest
(TCTCGAGAGTCAGCTCATAGAGACA and CCCCGCAGAGAC
TCATTACCT), tested in two dcr and two control mice, and then
assembled de novo.

To establish causality, a quantitative complementation test (Hawley
and Gilliland, 2006) was performed by breeding heterozygous male dcr
mice with heterozygous female Mrpl3 mice. Four breeding pairs were
used, and “failure to complement” was defined as the absence of com-
pound heterozygotes after genotyping at least 50 pups.

Mitochondrial enzyme activity. To investigate respiratory chain
defects, mouse brains were frozen in liquid nitrogen and stored at
�80°C until use. Samples were collected at 52, 120, and 143 d for dcr
and control mice (n = 5–6/group/age). Tissue was homogenized in
10� w/v buffer (10mg/ml fatty acid free bovine serum albumin,
0.17mg/ml dithiothreitol, 1 mg/ml NAD, 11 mM potassium phos-
phate, 3 mM MgCl2, and 1 mM EDTA, pH 7.4) for 30 strokes using a 7
ml Wheaton glass homogenizer. Homogenates were then centrifuged
at 3000 � g for 10 min at 4°C. Supernatants were frozen in liquid
nitrogen, and enzyme activities assayed the same day. Respiratory
chain enzymes were measured as described for Complex I1III,
Complex II1III, Citrate synthase (Moreadith et al., 1984), and
Complex IV (Glerum et al., 1988).

Phenotyping data collection. The Mrpl31/� mice (5–10 males and 5–
9 females) underwent high-throughput adult phenotyping based on the
TCP pipeline described on the International Mouse Phenotyping
Resource of Standardised Screens (IMPReSS) database (https://www.
mousephenotype.org/impress). The phenotyping tests include body
weight, combined SHIRPA and dysmorphology, body composition, clin-
ical chemistry, tests of anxiety and exploratory behavior (open field),
neuromuscular function (grip strength), startle reflex (acoustic startle
and prepulse inhibition), learning and memory (fear conditioning),
energy metabolism, and heart function. Information about the experi-
mental design, equipment, age of the mice, significant metadata parame-
ters, and data quality control are available on the IMPReSS website. The
control data were available from C57BL/6NCrl mice (5–10 males and 5–
9 females) tested during the same time period.

Micro-CT imaging and vascular segmentation. Detailed methods for
preparing the cerebrovasculature for micro-CT imaging have been previ-
ously described (Chugh et al., 2009). Briefly, mice were anesthetized
with an intraperitoneal injection of ketamine/xylazine and 200 U of hep-
arin. The inferior vena cava and descending aorta were ligated, and a
needle was inserted into the left ventricle. Warm heparinized PBS was
perfused at 50mmHg, followed by Microfil (Flow Tech) at 150mmHg.
The Microfil was allowed to polymerize at 30mmHg, approximating
normal capillary pressure. The dissected skulls were fixed for 24 h at 4°C
in 10% buffered formalin phosphate, decalcified in 8% formic acid at
room temperature for 48 h and mounted in 1% agar. Using a GE
eXplore Locus SP Specimen micro-CT scanner, the x-ray source was set
at 80 kV and 80 mA, and the specimen was rotated 360°, generating 720
views in 2 h, which were reconstructed into data blocks with a 20mm
voxel size.

All of the micro-CT images were registered to a common space
using a 3D MRI anatomic brain atlas (Dorr et al., 2008) and vascular
landmarks as previously described (Chugh et al., 2009). Each image
was manually segmented to exclude extracerebral vessels using
Display. The cerebrovasculature was automatically segmented, identi-
fying vessel structures and their connectivity using an algorithm pre-
viously described in detail (Ghanavati et al., 2014). Measurements of
total vessel segment numbers, total length of vessel segments, and di-
ameter distributions were extracted from the tubular models.
Detection of vessels with a diameter ,60mm was unreliable, and
therefore the terminal segments of the vascular tree were pruned to
60mm to improve data consistency.
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Results
MRI-detectable pattern of neurodegeneration
Using in vivo T2-weighted MRI, the time course of the decrepit
phenotype was investigated (Fig. 1). Bilateral and symmetrical
hyperintensities were observed starting in the piriform and ento-
rhinal cortices at 70d of age; spreading to the limbic area, cingu-
late cortex, striatum, and nucleus accumbens at 86d; to the motor
cortex and hippocampus at 96d; and finally to the substantia nigra
at 125d. In the MR images at later ages, the lesion takes on a
patchy appearance with abnormal elongated hypointensities. The
areas of lesion are consistent with regions of multifocal necrosis
identified using histologic techniques (Fig. 2a,b), confirming that
the MRI hyperintensities correspond to areas of cell death (see
below). The progressive degeneration is reproducible and consist-
ent with the results from histopathology detailed in the study by
Sproule et al. (2010); however, 3D MRI detected abnormal tissue
intensity at earlier time points and in regions that were not previ-
ously identified by histology such as the striatum.

Neuroanatomical volume changes
A significant age-by-genotype interaction demonstrated that
many of the brain structures had an altered trajectory of growth

from 50 to 150 d of age in the dcr compared with control mice
(F-statistic = 2.89, 10% FDR; Fig. 3). When we included sex as a
covariate, there was no effect on the statistical significance. The
differences were found throughout the brain including gray mat-
ter structures (amygdala, bed nucleus of stria terminalis, entorhi-
nal cortex, frontal lobe, occipital lobe, parieto-temporal lobe,
dentate gyrus, hippocampus, hypothalamus, lateral septum,
mammillary bodies, medial septum, pre-post-parasubiculum,
and thalamus), white matter structures (anterior commissure,
corpus callosum, fimbria, habenular commissure, mammilotha-
lamic tract, optic tract, and stria medullaris), the subependymale
zone/rhinocele of the olfactory region, and in the brainstem (cu-
neate nucleus and superior olivary complex). In the control
mice, the volume of most of the brain structures remained con-
stant from 50 to 150d of age while the volume in the dcr mice
decreased. The frontal lobe, occipital lobe, parieto-temporal lobe,
cuneate nucleus, medial septum, and superior olivary complex
increased in the dcr mice. The volume of the anterior commis-
sure, fimbria, hypothalamus, lateral septum, subependymale
zone/rhinocele, and thalamus increased with age in the controls
and either remained constant (anterior commissure, corpus cal-
losum, fimbria, hypothalamus) or decreased (lateral septum, sub-
ependymale zone/rhinocele, thalamus) in the dcrmice.

Figure 1. A time course examining the progression of neurodegeneration in the dcr mouse. Top row, Manual segmentation of the hyperintensities demonstrate that the lesion is bilaterally
symmetric and progressive. Bottom rows, Representative coronal sections of in vivo T2-weighted MR images. The lesion starts in the piriform and entorhinal cortices (red arrowheads at 70 d)
and progresses to the limbic area (green arrowheads at 86 d), cingulate cortex (white arrowheads at 86 d), striatum (dark blue arrowheads at 86 d), nucleus accumbens (purple arrowheads at
86 d), motor cortex (orange arrowheads at 96 d), hippocampus (yellow arrowheads at 96 d), and substantia nigra (light blue arrowheads at 125 d).
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Figure 2. Pathology in the brain of dcr mice at late stages of the disease. a, b, The tissue loss in a hematoxylin and eosin-stained coronal section (a) corresponds to the
hyperintensities in an ex vivo T2-weighted MR image (b). c, d, There was complete vacuolization of areas of the tissue in the entorhinal cortex (c) and cingulate cortex (d;
20� resolution). Dilated blood vessels (within the rectangle in d) were also present. e, Representative 100 � 100mm frames from the granular cell layer of the hippocam-
pus in the dcr mice (top) and control mice (bottom). f, The number of cells in the granular cell layer were significantly decreased in the dcr mice (green bar) compared with
controls (black bar). The error bars represent the SEM. n = 2/group. *p = 0.03.
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Applying the best fit linear or quadratic model used to fit the
regional growth over time to the structures that showed signifi-
cant alterations, the volume differences between dcr and control
mice at 130 d were interpolated, and the results are summarized
in Table 2. The magnitude of the volume changes was dramatic,
with the hippocampus and dentate gyrus showing a volume
decrease of 33% and 43%, respectively, in the dcrmice compared
with controls. Interestingly, areas of the cerebral cortex were 20–
33% larger in the dcrmice.

Cell death is the central mechanism of the observed
neurodegeneration
A pathology analysis of two dcr and two control brains was
performed by a veterinary pathologist at The Center for
Modeling Human Disease who was blinded to the genotype of
the animals. In the dcr mice, multiple focally extensive and
well demarcated areas of necrosis were identified in the cingu-
late, piriform and entorhinal cortices; the amygdala; and the
hippocampus. Prominent vacuolation of the neuropil was
noted (Fig. 2c,d), with replacement by necrotic cells with kar-
yorrhectic debris, reactive astrocytes, macrophages, and lym-
phocytes. The blood vessels were found to be dilated and to
have hypertrophic endothelial cells (Fig. 2d). To understand
the cellular bases of the neuroanatomical volume changes, we
examined the number of cells in the granular cell layer of the
hippocampus (Fig. 2e). The dcr mice had significantly fewer
cells than the controls (p = 0.03), consistent with cell death
(Fig. 2f).

Impaired learning and a progressive loss of memory
Mice were trained and tested on the Barnes maze during adult-
hood at two time points, separated by 1 month. For both training
sessions, the performance differed between the dcr and control

mice, with the control mice approaching the target box quicker
(p=0.0007 and p, 0.0001 for the initial training session and the
follow-up training session, respectively; Fig. 4a). The control mice
performed differently between the two sessions (p, 0.0001), with

Table 2. The differences in absolute volume (mean 6 confidence interval) of
the dcr compared with control mice at 130 d of age (n= 37/group)

Structure Difference in absolute volume at 130 d of age (%)

Amygdala �286 2
Anterior commissure: pars anterior �86 1
Anterior commissure: pars posterior 266 3
Bed nucleus stria terminalis �116 1
Cerebral cortex: entorhinal cortex �86 1
Cerebral cortex: frontal lobe 296 2
Cerebral cortex: occipital lobe 336 3
Cerebral cortex: parieto-temporal lobe 206 1
Corpus callosum 46 1
Cuneate nucleus 586 15
Dentate gyrus of hippocampus �436 6
Fimbria �226 1
Habenular commissure �356 8
Hippocampus �336 4
Hypothalamus �146 1
Lateral septum �236 2
Mammillary bodies �146 2
Mammilothalamic tract �186 2
Medial septum 706 7
Optic tract �46 1
Pre-post-parasubiculum �186 2
Stria medullaris �156 1
Subependymale zone/rhinocele �326 4
Superior olivary complex 196 2
Thalamus �136 1

The volumes were interpolated using the best fit linear or quadratic models fit to the growth trajectories for
the structures that showed significant differences between groups.

Figure 3. Differences in growth trajectory by brain structure. Top row, Coronal MRI slices showing the structures where there was a significant age-by-genotype interaction (F-
statistic = 2.89, 10% FDR). Bottom row, The structure volume change with age is shown for selected structures for dcr (green) and control (black) mice (n= 37/group). The entorhinal cortex
and amygdala were fit using a linear model, and the hippocampus and frontal lobe were fit using a quadratic model. The shaded gray area represents the 95% confidence interval. ac, Anterior
commissure: pars anterior; Amy, amygdala; cc, corpus callosum; DG, dentate gyrus of hippocampus; EC, entorhinal cortex; fi, fimbria; FL, frontal lobe; Hi, hippocampus; Hy, hypothalamus; PTL,
parieto-temporal lobe; LS, lateral septum; mmt, mammilothalamic tract; MS, medial septum; Th, thalamus.
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the difference in primary latency with trial observed
in the first session (p, 0.0001) absent in the second
session (p=0.2). In contrast, the dcr mice showed
improved performance with trials at both training
sessions (p, 0.0001 and p, 0.0001 for the initial
training session and the follow-up training session,
respectively); however, there was no difference in the
performance between sessions (p=0.2). Including sex
as a covariate did not alter the statistical significance.

The dcr and control mice performed differently
on the probe trial at both training sessions (p=0.03
and p=0.02 for the initial training session and the
follow-up training session, respectively; Fig. 4b).
The control mice showed a trend toward a prefer-
ence for the target at the initial training session
(p=0.1) and a strong preference for the target dur-
ing the follow-up training session (p, 0.0001). The
dcr mice showed a preference for the target at the
initial training session (p= 0.002) and did not show
any preference at the follow-up training session
(p=0.9). During both training sessions, the dcrmice
visited fewer holes during the probe session com-
pared with controls (p= 0.01 and p=0.002 for the
initial training session and the follow-up training
session, respectively).

Novel insertion identified in an intron of the
Mrpl3 gene
Next-generation sequencing was performed on
genomic DNA isolated from the dcr genetic interval
on chromosome 9 as well as 1Mb flanking regions.
Seven sequence variations (i.e., single nucleotide
polymorphisms) were detected; however, they were
shown to be differences from the reference genome
when PCR amplified and resequenced using Sanger
methods, even from wild-type mice in the dcr colony. To look
for structural variants (Baker, 2012), all of the reads that did
not map well to the reference genome were assembled using
the Velvet de novo assembler. A continuous sequence matched
over most of the region of chromosome 9, but there were no
pairs that spanned the region. The half-mapped pairs from
each side were then assembled. Using the primers designed to
bracket this region (GRCm38 chr9:105,064,197–105,064,647),
we confirmed that the dcrmouse contains the following insertion
within introns 6–7 of theMrpl3 gene at 105,064,438–9 (bracketing
native sequence included for reference, insertion underlined), as
follows:

GGTGGGCGACCCCAGTGACTACTGCAGTTTGACTC
CAGGTTCTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT
TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT
TTTTTTTTTTTGATTCTTTATTTATTTATTTCAGGAA
CACCTCGATGCTCGACTCCAGGTTCTTTCTAGTCAC
CGGGAGT

The minimum length of the insertion is 133 bp, but the exact
length could not be determined because both the forward and
reverse priming failed with the T repeat region. Based on the
band size estimated by gel electrophoresis, we anticipate that the
insertion is not much larger because it increases an expected
451 bp product to;584 bp.

Mrpl3 knock-out mice are embryonic lethal
After identification of the novel insertion in the Mrpl3 gene, we
generated Mrpl3 knock-out mice to ascribe causality of the

decrepit phenotype to the Mrpl3 insertion using a quantitative
complementation test and to investigate the phenotype of the
Mrpl3�/� mice. Complete knockout of the Mrpl3 gene resulted
in early embryonic lethality with no homozygotes at embryonic
day 12.5 (E12.5; n= 35, 7 wild-type, 28 heterozygotes, 0 homozy-
gotes) or E9.5 (n= 28, 8 wild-type, 20 heterozygotes, 0 homozy-
gotes). In addition, there was no evidence of any homozygotes
postimplantation (no homozygous resorptions at E9.5). From
the breeding pairs of heterozygousMrpl3 and mice heterozygous
for the dcrmutation, we genotyped 66 pups (from 10 litters) and
found that the homozygous mice were lethal before P14, indicat-
ing a failure to complement.

The heterozygous Mrpl3 mice underwent a battery of pheno-
typing tests (Fig. 5). Mrpl31/� mice have a normal life span and
show no overt phenotype. The only sex difference was found in
the following body weight data: the female Mrpl31/� mice had a
significantly slower growth rate than the controls (p= 0.0003). In
the open field test, the Mrpl31/� mice spent significantly less
time in the center than the controls (p= 0.005), although the dis-
tance they traveled was similar, suggesting an increase in overall
anxiety levels. This difference was maintained throughout the
20min of testing, indicating that the anxiety levels were elevated
in both the exploratory and habituation phases of the test. The
heart rate was significantly elevated in the Mrpl31/� mice com-
pared with controls (p=0.03), while none of the other measure-
ments indicated abnormal cardiovascular physiology. The levels
of several chemicals in the blood were abnormal, including a
decrease in creatinine (p= 0.0009), an increase in calcium (p =
0.0001), and a trend toward increases in the liver enzymes

Figure 4. Assessment of learning and memory using the Barnes maze. a, For both training sessions, the
dcr mice (green) entered the escape box slower than the control mice (black; p= 0.0007), showing impaired
learning. The shaded gray area represents the 95% confidence interval. b, On the probe trial, the dcr mice
showed no preference for the target during the follow-up training session (p= 0.9), indicating impaired
memory. The error bars represent the SEM. n= 9/group.
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alkaline phosphatase (p= 0.1) and alanine aminotransferase
(p = 0.1) compared with controls. Interestingly, there were
abnormalities in the eye morphology of the Mrpl31/� mice with
6 of 15 showing evidence of either retinal dysplasia or severe reti-
nitis pigmentosa. All of the control mice had normal eye mor-
phology. Mutations in .60 genes are known to be associated
with retinitis pigmentosa (https://ghr.nlm.nih.gov/condition/
retinitis-pigmentosa); however, Mrpl3 has not yet been impli-
cated. At 12weeks of age, a high-resolution ex vivo MRI study
showed that there were no significant neuroanatomical differen-
ces between the Mrpl31/� mice and littermate controls at a 10%
FDR threshold. Including sex as a covariate did not alter the sta-
tistical significance.

Mrpl3 is a nuclear gene that encodes 1 of 48 proteins com-
prising the large subunit of the mitochondrial ribosome
(OMIM# 607118). Thus, we decided to determine whether mito-
chondrial function is affected at three time points during the
life span of the dcr homozygous mice (before onset of symptoms,
after significant neurodegeneration, and shortly before death).
Mitochondria were prepared from brain tissue, and the activity of
the mitochondrial respiratory chain complexes was measured.
There was no effect of age when it was included as a covariate.
Figure 6 shows that there were no differences in the activities of
NADH:cytochrome c reductase [complex I1III (CI1CIII)], succi-
nate:cytochrome c reductase [complex II1III (CII1CIII)], and
cytochrome oxidase [complex IV (CIV)]. There was a significant
increase in the citrate synthase (CS) activity for the dcrmice com-
pared with controls (p=0.003). Citrate synthase is a marker for
mitochondrial integrity, and an increase can indicate mitochon-
drial proliferation.

Hypervascularization in response to neurodegeneration
In our previous study of the dcrmice, no major anatomic abnor-
malities of the cerebral vasculature were observed in affected

mice (n= 2 at 100 d of age). Advanced 3D imaging using x-ray
micro-CT (Fig. 7a,b), in combination with automated vascular
segmentation, allows us to perform a detailed analysis of the cer-
ebrovasculature over the time course of pathology. The dcr mice
showed a significant difference in the total number of vessel seg-
ments with age compared with controls (p=0.002; Fig. 7c). The
increase in vessels appears to occur after 100 d, suggesting that
vascular proliferation is occurring in response to the neurode-
generation. To determine whether the increase in vasculature
was associated with the injured region, the total vessel segments
were divided into those found in regions prone and non-prone
to lesion (based on the segmentation from a dcr mouse at 125 d
of age; Fig. 1). Hyper-vascularization in the dcr mice appears to
be global, increasing in both the prone and non-prone regions
with age (p=0.01 and p= 0.002 respectively). When the cumula-
tive number of vessel segments was plotted as a function of di-
ameter for the brains .125 d of age, the curve for the dcr mice

Figure 5. Adult phenotyping for the Mrpl31/� mice (red) and control mice (black). a, The female Mrpl31/� mice had a slower growth trajectory than the controls. b, The Mrpl31/� mice
spent less time in the center of the open field test despite traveling a similar distance as the controls. c, The Mrpl31/� mice had an elevated heart rate compared with controls. d, Creatinine
was decreased and calcium was increased in the Mrpl31/� mice compared with controls. The error bars represent the SEM. n= 16/group (8 males, 8 females) except for body weight trajecto-
ries where n= 19 (10 males, 9 females). *p, 0.05, **p, 0.005, ***p, 0.0001.

Figure 6. Activities of the mitochondrial enzymes in mouse brain tissue from dcr (green
bars) and control (black bars) mice. The error bars represent the SEM. n= 15–16/group.
*p= 0.003.
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rises more steeply toward the small diameter range compared
with controls (Fig. 7d). This indicates that the increase in the
number of cerebral vessels is occurring primarily in the small
vessels.

Discussion
Using structural variant analysis, we identified a novel insertion
within an intron ofMrpl3 that results in reproducible adult-onset
neurodegeneration in mice. The discovery of this nuclear genetic
mutation was made possible by the use of next-generation
sequencing technologies and de novo sequence assembly. Creation
of a Mrpl3 knockout confirmed by complementation testing that
the dcr allele of Mrpl3 results in a loss of Mrpl3 function. In our
previous attempt to identify the causative mutation (Sproule et al.,
2010), the insertion was most likely missed because it would have
been categorized as failing to map to the interval. To date, the
function of theMrpl3 gene is unknown; however, early embryonic
lethality in the Mrpl3 knock-out mice emphasizes its critical role
in development. For the mice investigated in this study, the differ-
ence in the severity of the phenotype (embryonic lethality in the
complete knockout, premature death in the dcrmice, and normal
life span in Mrpl31/� mice) is likely due to differences in the
expression levels, with the intronic insertion in the dcr allele caus-
ing only a partial loss of function. Mutation of the Mrpl3 gene
has been reported in two human case studies (Galmiche et al.,
2011; Bursle et al., 2017). The pathology of these cases was hetero-
geneous, including structural brain abnormalities, hypertrophic
cardiomyopathy, psychomotor retardation, liver dysfunction, de-
velopmental delay, and an assembly problem with the respiratory
chain complexes. While these phenotypes are partially recapitu-
lated in the dcr and Mrpl31/� mice (i.e., lethargy in the dcr mice
and elevated heart rate and abnormal liver enzymes in the
Mrpl31/� mice), the absence of reported neurodegeneration in
the human cases means the dcr mouse model may represent a
heretofore undiagnosed human disease and supports evaluating

non-protein-coding segments of genomes during diagnostic
efforts.

3D in vivo T2-weighted imaging revealed abnormal brain tis-
sue, consistent with a progressive loss of neurons, and significant
neuroanatomical structure volume differences in dcr mice com-
pared with controls. Immunohistochemistry revealed significant
cell death in the affected brain regions in the dcrmice. A striking
finding of this study is the large decrease in hippocampal volume
over the life span of the dcr mice. Our observations of impaired
performance in the Barnes maze are supported by the well estab-
lished involvement of the hippocampus in learning and spatial
memory (McDonald and White, 1994; Lerch et al., 2011b).
While the dcrmice showed a deficit in learning even at the onset
of symptoms, they preserved the ability to learn. Similar to neu-
rodegenerative diseases, the dcr mice showed a progressive loss
of memory. All of the affected brain regions are part of a collec-
tion of structures termed the limbic system (Rajmohan and
Mohandas, 2007), and the lesion follows the neuronal connectiv-
ity of the regions, specifically along the Papez circuit (Papez,
1937; Shah et al., 2012). The lesion appears to progress primarily
along the perforant pathway from the entorhinal cortex to the
hippocampal formation (van Groen et al., 2003). The limbic sys-
tem supports a variety of brain functions including memory for-
mation and emotion, and many of the brain structures of the
limbic system have been implicated in neurodegenerative dis-
eases. For example, cortical and hippocampal atrophy are one of
the hallmarks of Alzheimer’s disease (Apostolova et al., 2007;
Halliday, 2017); degeneration in Parkinson’s disease typically
occurs in the substantia nigra (Rinne et al., 1989), basal ganglia,
amygdala, and thalamus (de la Monte et al., 1989); and neuro-
pathological changes in Huntington’s disease are found in
the striatum (Rosas et al., 2001), cortex (Rosas et al., 2002),
amygdala, nucleus accumbens, brainstem, and hippocampus
(Rosas et al., 2003). While we did not find evidence support-
ing a deficit in mitochondrial function in the whole brain of dcr
mice, it may be that the structures that comprise the limbic sys-
tem have higher energy requirements and are more sensitive
to metabolic perturbations, contributing to subsequent
neurodegeneration.

In summary, we present a spontaneous mutation in a mito-
chondrial-associated gene that results in progressive neurodegen-
eration and premature death. The dcr mouse model recapitulates
clinically relevant phenotypes including memory impairment and
an adult-onset, stereotypical pattern of tissue degeneration that
could serve as a new mouse model of neurodegenerative disease.
This mouse model could aid in the development of new diagnostic
procedures and could have implications for new therapies.
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