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Citrullinemia type I (CTLN1, OMIM# 215700) is an
inherited urea cycle disorder that is caused by an
argininosuccinate synthetase (ASS) enzyme defi-
ciency. In this report, we describe two spontaneous
hypomorphic alleles of the mouse Ass1 gene that
serve as an animal model of CTLN1. These two inde-
pendent mouse mutant alleles, also described in pa-
tients affected with CTLN1, interact to produce a
range of phenotypes. While some mutant mice died
within the first week after birth, others survived but
showed severe retardation during postnatal develop-
ment as well as alopecia, lethargy, and ataxia. Notable
pathological findings were similar to findings in hu-
man CTLN1 patients and included citrullinemia and
hyperammonemia along with delayed cerebellar de-
velopment, epidermal hyperkeratosis, and follicular
dystrophy. Standard treatments for CTLN1 were effec-
tive in rescuing the phenotype of these mutant mice.
Based on our studies, we propose that defective cer-
ebellar granule cell migration secondary to disorga-
nization of Bergmann glial cell fibers cause cerebellar
developmental delay in the hyperammonemic and
citrullinemic brain, pointing to a possible role for
nitric oxide in these processes. These mouse muta-

tions constitute a suitable model for both mecha-
nistic and preclinical studies of CTLN1 and other
hyperammonemic encephalopathies and, at the same
time, underscore the importance of complementing
knockout mutations with hypomorphic mutations
for the generation of animal models of human ge-
netic diseases. (Am J Pathol 2010, 177:1958–1968; DOI:

10.2353/ajpath.2010.100118)

Urea cycle disorders (UCDs) are rare genetic diseases
affecting protein catabolism1 through deficiency in one of
the six enzymes involved in the cellular excretion process
of ammonia.2 Most inborn errors of metabolism are inher-
ited as recessive traits with the exception of X-linked
ornithine transcarbamylase deficiency.3 The pathology of
UCDs is characterized primarily by hyperammonemia
and encephalopathy, with symptoms ranging from life-
threatening episodes in newborns to recurrent head-
aches in adults.4,5 The reported incidence of all UCDs is
approximately 1 in 25,000 live births in the United States,4

1 in 50,000 in Japan,6 and 1 in 44,000 in New South
Wales, Australia.7 Currently, mouse knockout models ex-
ist for each of the UCDs, with the exception of N-acetyl-
glutamate synthase.8

Citrullinemia type I (CTLN1) is a UCD that is charac-
terized by severe neurological morbidity associated with
hyperammonemia. The clinical spectrum of CTLN1 in-
cludes an acute neonatal form (the “classic” form) and a
milder form with later onset.9–13 Untreated patients with
the severe form of CTLN1 develop acute hyperammone-
mia leading to a life-threatening encephalopathy and
mental retardation in survivors.14 Although rare, CTLN1 is
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a severe condition with high mortality rates that affects
thousands of families in the United States, with an esti-
mated incidence of 1 in 57,000 live births.4 Two recent
studies determined that CTLN1 accounts for 14% to 27%
of all reported UCDs.15,16 Clinical symptoms of neonatal
CTLN1 include delayed mental and physical develop-
ment, irritability, recurrent vomiting, and lethargy.9,17 Bio-
chemically, CTLN1 is characterized by elevated plasma
and urine concentrations of ammonia, citrulline, glutamine,
and orotic acid, together with arginine deficiency.14,18

Treatment of patients affected with CTLN1 is based on the
avoidance of hyperammonemia through dietary protein re-
striction, supportive management of catabolic stress, L-
arginine therapy, and removal of nitrogen by alternative
pathways.19–22

To date, the only gene associated with CTLN1 is ASS1,
located on chromosome 9q34.1. This gene encodes
argininosuccinate synthetase 1—a cytosolic enzyme that
catalyzes the third step in the urea cycle, in which citrul-
line is condensed with aspartate to form argininosuccinic
acid. Many genetic alterations have been reported at this
locus including deletions, duplications, nonsense, and
missense mutations.12,23–26 Severe CTLN1 phenotypes
are associated with hypomorphic or loss-of-function mu-
tations in ASS1 that result in either reduced or absent
enzymatic activity. Defective activity may result from the
absence of mRNA, misfolding, or rapid degradation of
the enzyme. In vitro expression studies have shown that
milder forms of CTLN1 are due to kinetic variants of
well-folded ASS1 enzyme.12,27

The lack of appropriate animal models has precluded
a more complete understanding of the pathogenesis and
medical management of CTLN1. Although Ass1 knockout
mice have been generated, homozygous knockout ani-
mals die shortly after birth, and no histopathological data
are available for this model.28 A naturally occurring bo-
vine model of CTLN1 was also described in the Friesian
breed29; however, this model lacks many of the advan-
tages of mouse models such as the feasibility of genetic
manipulation. Despite their limitations, these two animal
models have been used successfully in gene therapy
studies.30,31

In this report, we describe a new hypomorphic
mouse model of CTLN1 caused by two independent
spontaneous recessive mutations at the Ass1 locus:
barthez (bar) and follicular dystrophy (fold). Unlike the
Ass1 knockout model, mice carrying these hypomor-
phic mutations survive longer and mimic CTLN1 both
clinically and pathologically. Because the severity of
the disease is unique for each of the hypomorphic
mutations, severe, intermediate, and mild phenotypes
can be created with different homozygous and com-
pound heterozygous combinations. More importantly,
the mutant phenotype can be rescued by standard
treatments for CTLN1 patients like arginine supplemen-
tation and nitrogen scavengers. Through detailed his-
tological examination of these mutants, we also dem-
onstrated that one of the mechanisms leading to
cerebellar developmental delay in affected mice is a
slower rate of migration of granule cells into the internal
granule layer, accompanied with increased apoptosis

and lipid peroxidation but reduced nitrative stress.
These hypomorphic mutations constitute excellent
models for preclinical studies of CTLN1 that will allow
the development of more effective therapies.

Materials and Methods

Animal Care

All mice housed at MD Anderson Cancer Center
(MDACC) Smithville followed National Institutes of Health
(NIH) guidelines (Guide for the Care and Use of Labora-
tory Animals) in a facility accredited by the Association
for Assessment and Accreditation of Laboratory Animal
Care International. The Institutional Animal Care and Use
Committee at MDACC reviewed all projects involving the
use of experimental animals and conducts site inspec-
tions of our facilities every six months. All studies on
animals performed at Institut Pasteur followed the guide-
lines on the ethical use of animals from the European
Communities Council Directive of 24 November 1986
(86/609/EEC).

Origin of Mutations

The bar mutant allele arose in an OF-1 outbred stock at
Ecole Nationale Vétérinaire de Nantes, France. Mutant mice
were introduced into the animal facility of the Institut Pasteur,
Paris, in 1990 (a gift from Dr. Geneviève André-Fontaine,
Ecole Nationale Vétérinaire de Nantes, France) and has
since been maintained in a closed colony by crossing het-
erozygous �/bar mice (designated BAR/Pas). The mutation
was designated “barthez” as a tribute to bald soccer celeb-
rity Fabien Barthez, because affected mice showed gener-
alized alopecia (baldness). Mice segregating for bar were
transferred to the animal facilities of the MDACC, Smithville,
where the mutant allele was backcrossed onto two different
backgrounds by marker-assisted backcrossing to produce
two independent congenic strains (FVB/N.Cg-Ass1bar and
C57BL/6J.Cg-Ass1bar). Microsatellite genotyping was car-
ried out in the Genetic Services Facility located at MDACC,
Smithville. Specific pathogen-free FVB/N-Ass1bar (N5) and
C57BL/6-Ass1bar (N4) were obtained through rederivation
by embryo transfer and used for the phenotype description.
The fold mutation was originally found at the Jackson Lab-
oratory in a production colony of P/J mice. Congenic (N4)
B6Ei.P-fold/J (stock number 006449) mice (fold/fold and
�/fold) were purchased from The Jackson Laboratory (Bar
Harbor, ME). The bar and fold mutations were proven to be
allelic by using progeny testing. Genotyping for the bar and
fold mutant alleles was done by direct sequencing using
PCR primers designed to detect each missense mutation
on genomic DNA. Primer sequences were: bar-FOR:
5�-TGGGTGGCCTCTGTCCTCAAG-3�; bar-REV: 5�-
AAGCAAGGGGCAGCCAAGGT-3�; fold-FOR: 5�-
ACTCCGGGGTAGGGTGGCTTG-3�; and fold-REV:
5�-TCTATTTGGCAGTGACCTTGCTC-3�.
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Genetic Mapping and Assessment of Candidate
Genes

The assignment of bar to chromosome 2 and further fine
mapping were accomplished using two independent in-
tercrosses (Institut Pasteur). For the first interspecific
cross, we used the MAI/Pas strain (Mus m. musculus) and
obtained 28 homozygous bar/bar F2 offspring that were
genotyped with genome-wide microsatellite markers
(Mouse MapPairs, Invitrogen, Carlsbad, CA). This linkage
analysis enabled us to map the bar locus to proximal
chromosome 2 (30 cM). The second interspecific cross
was set up with MBT/Pas strain (Mus m. musculus), and a
total of 88 bar/bar F2 offspring were genotyped with ad-
ditional microsatellite markers flanking the bar locus to
obtain a high resolution map. Microsatellites were PCR
amplified under standard conditions (1.5 mmol/L MgCl2;
55°C annealing). Electrophoresis was performed on 4%
agarose gels (Nusieve 3:1, FMC BioProducts; Rockland,
ME). Further refinement of the genetic position of the bar
locus was accomplished analyzing SNPs (identified “in
house” by direct sequencing) segregating in hybrid
(BAR/Pas � FVB/N)F2-bar/bar mice (MDACC). All pre-
dicted genes and expressed sequence tags located in
our critical genetic interval (UCSC and Ensembl genome
browsers) were considered as candidates. For candidate
genes analysis, RNA extraction, reverse transcription
(RT)-PCR, and DNA sequencing was performed using
standard procedures. Briefly, total RNA was extracted
from 100 mg of snap-frozen skin and liver of normal and
mutant mice (homozygous bar and fold) using TRI re-
agent (Sigma, St. Louis, MO). Primers were designed
from the Ass1 mRNA reference sequence (GenBank ac-
cession NM_007494). First strand cDNA was synthesized
from total cellular RNA using GenAmp RNA PCR kit (Ap-
plied Biosystems Inc., Foster City, CA) according manu-
facturer instructions. Amplification products were se-
quenced using the ABI-PRISM Dye Terminator Cycle
Sequencing Ready Reaction kit (Perkin Elmer, Norwalk,
CT). Sequencing was carried out using an ABI 3130XL
DNA sequencer (Perkin Elmer).

In Vivo Migration Assay-BrdU Labeling

Granule cell migration was measured by intraperitoneal
injection of thymidine analog 5�-bromo-2�-deoxyuridine
(BrdU) (60 �g/g; Sigma) into P7 and P11 mice, where
proliferating cells in the external granular layer (EGL) take
up BrdU before they migrate toward the internal granular
layer (IGL). Mice were sacrificed 24, 48, and 72 hours
after BrdU injection. Brain from both mutant and control
animals were collected, fixed in formalin overnight, trans-
ferred to 70% ethanol, dehydrated, and paraffin processed
for histopathology and immunohistochemical evaluation. Af-
ter sectioning (midline sagittal), the slides were de-waxed,
hydrated, and heat-induced epitope retrieval (HIER) was
performed in a microwave oven with 10 mmol/L Citrate
Buffer (pH 6.0) for 10 minutes. BrdU incorporation was
detected by standard three-step immunoperoxidase detec-
tion using mouse anti-BrdU monoclonal antibody (Becton-

Dickinson Immunocytometry System, Becton-Dickinson,
San Jose, CA), biotin F(ab�) rabbit anti-mouse IgG (Accu-
rate Chemical, Westbury, NY), and Streptavidin Peroxi-
dase (BioGenex, San Ramon, CA.). Diaminobenzidine
(BioGenex) was the chromagen used for visualization.

Immunohistochemistry (IHC)

Tissues from mutant and control mice were fixed in for-
malin overnight and then transferred to 70% ethanol for
paraffin processing immediately after the mice were sac-
rificed. Immunohistochemical staining of dorsal skin was
performed with polyclonal antibodies directed against
mouse keratins K1, K5, K6, K10, K14, (Covance Re-
search Products, Richmond, CA); loricrin, involucrin, and
profilaggrin/filaggrin (BabCo, Richmond, CA), and Ki-67
(Dako, Carpinteria, CA) using standard procedures. Im-
munohistochemical staining for desmoglein 1 and 2 was
performed using mouse anti-human desmoglein mono-
clonal antibody CBL174 (clone DG 3.10) (Chemicon In-
ternational, Temecula, CA). Immunohistochemical stain-
ing for ASS1 was performed using a monoclonal antibody
against the C terminus of human ASS (BD 611700, BD
Transduction Laboratories, San Jose, CA). Cerebella
from mutant and control mice were stained using anti-
bodies directed against Ki-67, GFAP (Dako), MDA (MDA
11-S) (� Diagnostics International, San Antonio, TX), ac-
tive Caspase-3, Pax6 (R&D Systems, Minneapolis, MN),
and Calbindin (Sigma). Controls in the absence of pri-
mary antibodies were routinely performed.

To evaluate nitrotyrosine in tissue, fresh collected
brains were cut along the midline, submerged in OCT,
and frozen in liquid nitrogen, then transferred to the ultra
low freezer (�80°C) until sectioning. After blocking, the
sections were incubated in the following primary antibod-
ies diluted in 2% GS-PBS (2% goat serum, 0.2% Triton
X-100, 0.1% BSA, PBS, pH 7.5) overnight at 4°C: anti-
nitrotyrosine (#06-284, Upstate Bio- technology, Lake
Placid, NY) diluted 1:200 or anti-nNOS (#sc-648, Santa
Cruz Biotechnology, Santa Cruz, CA) diluted 1:200. Sec-
tions were washed and incubated with the following sec-
ondary antibodies in a 1:1000 dilution in 2% GS-PBS for
30 minutes: for nitrotyrosine, AlexaFluor 594-labeled goat
anti-rabbit (#A11012, Invitrogen) diluted and for nNOS,
AlexaFluor 488-labeled goat anti-rabbit (#A11034, In-
vitrogen). Slides were washed and incubated with DAPI
(diluted 1:1000). Images were taken on an Olympus
FV1000 confocal microscope.

Pathology and Biochemistry

The model characterization (clinical and histopathologi-
cal) was carried out in the Mutant Mouse Pathology Ser-
vice located at the MDACC, Smithville. Hematology, clin-
ical chemistry, and urinalysis were performed at the
Michale Keeling Center for Comparative Medicine and
Research, MDACC, Bastrop. Plasma ammonia levels
were quantified with the AA0100 Ammonia Assay Kit
(Sigma). Determination of plasma amino acids and ASS
liver activity was performed at the BCM Medical Genetics

1960 Perez et al
AJP October 2010, Vol. 177, No. 4



Laboratory (Houston, TX). Gross examination, complete
necropsy, tissue collection, and processing were carried
out as previously described for the evaluation of mouse
mutants.28 Formalin-fixed paraffin-embedded tissue
sections were stained with hematoxylin and eosin
(H&E), and histological examination performed. We
examined the cerebella of mice at time points essential
for cerebellar development (P1, P7, P8, P10, P14) and
at days P21 and P35.

L-Arginine and Sodium Benzoate Treatment

Homozygous FVB/N-bar/bar and C57BL/6-bar/bar mice
were treated daily with intraperitoneal injections of L-
arginine at 1 g/kg of body weight (Sigma) and sodium
benzoate at 0.1 g/kg of body weight (Fluka BioChemika,
Buchs, Switzerland) in PBS beginning at day 3 after birth,
as previously described.29

Statistics

Data were expressed as either mean � SE or as means
if SEs were �12% of mean. Statistical significance of
differences in brain weight and body weight was deter-
mined by Student’s t-test. Pairwise comparisons of pro-
portions were conducted for survival rates. Other data
were evaluated by the analysis of variance (analysis of
variance) using StatSimple v2.0.5 (Nidus Technologies,
Toronto, Canada) and considering P � 0.05 as statisti-
cally significant unless indicated.

Results

Genetic Mapping

To determine the genetic localization of the bar locus, we
raised two independent F2 crosses. Genotyping a total of
116 homozygous bar/bar mice from these crosses al-
lowed us to map the bar locus in a 2-Mb interval of
proximal mouse chromosome 2, between microsatellite
markers D2Mit33 and D2Mit179 (30.5–32.3 Mb), a region
which is homologous with human chromosome 9q34.1. A
spontaneous recessive mutation (fold), also with small
body size and skin phenotype, was localized in the same
interval.30 Based on its similar phenotype, we speculated
that fold might be another allele of our bar mutation. This
was confirmed by a complementation test between a
�/fold male and �/bar females, which produced com-
pound heterozygotes with abnormal hair growth and
small size. By combining the data for the genetic local-
izations of fold and bar, we were able to reduce the
critical interval to approximately 1 Mb (31.2–32.3 Mb).
This interval contains less than 20 genes, including
Hmcn2, Ass1, Fubp3, Abl1, and Lamc3 (Ensembl genome
browser, July 2009).

Identification of Two Clinical Missense
Mutations in the Mouse Ass1 Gene

Ass1 (argininosuccinate synthetase 1) was considered
the likely candidate for bar and fold phenotypes based on
a previous study demonstrating that a targeted disruption
of this gene resulted in perinatal mortality31 and a trans-
genic mouse model for arginine deficiency that displayed
a skin phenotype.32 To confirm the hypothesis that the
bar and fold mutant alleles involved the Ass1 gene, Ass1-
specific primers were designed and used to amplify mu-
tant and control cDNAs. PCR products amplified from
both mutant and control mice were of the expected size
(data not shown). However, the cDNA sequence for bar
contained a C3T transition in exon 12, leading to an
arginine for cysteine (R265C) substitution, whereas the
sequence for fold contained a C3T transition in exon 15,
resulting in a threonine for isoleucine (T389I) substitution.
These missense mutations are identical to two mutations
with pathological effects that have been described pre-
viously in patients affected by CTLN1. A R265C mutation
of the ASS1 gene was recently described in Germany in
a patient of Indian ethnicity exhibiting severe clinical
course. Interestingly, this mutation was present in a ho-
mozygous state, representing a human homolog of our
bar mutant mice.26 In addition, a different amino acid
substitution was previously described at the same R265
residue in a patient with mild clinical disease in Japan.25

An evolutionary comparison of ASS1 amino acid se-
quences showed that the R265 residue, localized at the
beginning of the � sheet 11 region, is conserved in all
eukaryotes and may be involved in ionic interactions.26

The T389I mutation found in fold mice was also identified
in Canada in an individual with mild CTLN1.25 The evo-
lutionary comparison of ASS1 amino acid sequences
showed that this T389 residue, localized in the � helix 14
region, is conserved in mammals and chicken, and may
be involved in subunit interface.26

To further investigate the effect of these mutations, we
generated 3D molecular structures of human ASS1
based on the data published by Karlberg et al.33 The
structures of wild-type and mutant proteins were built with
MacPyMOL (DeLano Scientific LLC, Palo Alto, CA) and
modeled to obtain the most stable structure. In wild-type
ASS1, R265 is held in place by H-bonds with T210 and
with G262 via a water molecule. When R265 is mu-
tagenized to C, the H-bonds are disrupted, the interac-
tion with the � sheets is weakened, and major rearrange-
ments are occurring at the level of random coils (not
shown). In wild-type ASS1, T389 presents H-bonds with
N393, however, when this residue is mutagenized to an I,
the helix is disrupted, impacting in most of the 3D struc-
ture (not shown). The two mouse mutations bar and fold,
being two new alleles at the Ass1 locus, were then given
the new designation Ass1bar and Ass1fold, respectively.

To investigate whether these putative hypomorphic mu-
tations resulted in reduced levels of Ass1 RNA transcripts,
we analyzed total liver RNA by quantitative real-time PCR
using ASS1 assay on demand (Applied Biosystems, Foster
City, CA) and found that no significant differences were
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detected between affected mutants and control littermates
(data not shown). Western blot analysis performed using an
ASS1-specific monoclonal antibody in mutant and control
liver protein lysates showed no differences in the expected
size of the protein (47 kDa) (data not shown). Immunohis-
tochemical localization of ASS1 in different mouse tissues
using the same antibody revealed high expression in intes-
tinal villi, liver, kidney tubules, and bone marrow (Figure 1),
with no obvious differences between mutant and control
mice (not shown).

Phenotype in Mutant Mice Mimic Clinical,
Morphological, and Biochemical Features of
CTLN1

Homozygous Ass1bar/Ass1bar (bar/bar) and Ass1fold/
Ass1fold (fold/fold) mice exhibited variable degrees of
growth retardation, lethargy, and alopecia. Growth retar-
dation was evident in bar/bar (FVB and C57BL/6 back-
grounds), fold/fold (C57BL/6), and compound heterozy-
gous bar/fold (C57BL/6) mutant mice shortly after birth;
however, the reduction in body size was more prominent
in bar/bar than fold/fold or bar/fold mutant mice (Figure 2,
A and B). The few FVB/N-bar/bar mice that survived after
weaning exhibited reduction in body size throughout their
short lifespan (Figure 2B). Conversely, surviving fold/fold
and bar/fold mice are almost indistinguishable from
wild-type littermates after weaning (Figure 2B). Survival
curves of mutant mice also indicated marked differences
between the three mutant genotypes, for example, bar/
bar exhibited the highest death rates, followed by fold/fold
and bar/fold (Figure 2C). Interestingly, survival curves
comparing FVB/N-bar/bar (N5) and C57BL/6-bar/bar (N4)
at postnatal day 12 (P12) showed significant differences
(P � 0.07) in death rate, suggesting the influence of
genetic background (Figure 2C). The oldest mutant
mouse in our records was a C57BL/6-bar/fold female that
lived for 7 months. No differences in death rates were
observed between female and male mutant mice. Tremor
and unstable gait were observed in all mutant genotypes;
however, these observations were more frequent in FVB/
N-bar/bar mice. Circling behavior was occasionally ob-

served only in FVB/N-bar/bar mice after P15, but not in
C57BL/6-bar/bar or C57BL/6-fold/fold mice.

Plasma amino acid analysis from bar/bar, fold/fold, and
bar/fold mice between P14 and P21 showed a 10- to 40-fold
increase in the levels of citrulline, and a 1.5- to threefold
increase in the plasma levels of many amino acids, includ-
ing glutamine, cystine, methionine, and lysine. On the other
hand, arginine, glutamic acid, leucine, and ornithine levels
were decreased (0.6 to 0.7-fold; P � 0.1). Plasma ammonia
concentration at P14 was elevated in the three mutant ge-
notypes, and, interestingly, the levels of citrullinemia and
hyperammonemia corresponded well with the severity of
the gross phenotype. For example, FVB/N-bar/bar and
C57BL/6-bar/bar showed the highest levels of plasma am-
monia and citrulline, followed by C57BL/6-fold/fold, and
C57BL/6-bar/fold mice (Table 1).15,21,25,34 We could con-
firm that liver ASS activity was severely reduced in the three
mutant genotypes (biochemical analysis performed at BCM
Medical Genetics Laboratories, Houston, TX). Table 1
shows values for plasma ammonia, citrulline, and arginine
levels and ASS liver activity in bar/bar, fold/fold, and bar/fold
mice and littermate controls, including a comparison
with biochemical data from CTLN1 patients.15,21,25,34

The skin phenotype of bar/bar and fold/fold mutant mice
became evident around P6. At this age, hair shafts
emerged from the epidermis in wild-type littermates but not
in mutant mice. FVB/N-bar/bar and C57BL/6-bar/bar mice
exhibited the strongest skin phenotype, with generalized
alopecia during the first three weeks of life. The small per-
centage of FVB/N-bar/bar mice that survived beyond 21
days developed a thin hair coat (not shown). On the other
hand, C57BL/6-fold/fold and C57BL/6-bar/fold mutant mice
developed a first hair coat at P12 and P9, respectively, and
by weaning both mutant genotypes exhibited an almost
normal hair coat (Figure 2, A and B). In addition, when
compared with bar/bar, the dorsal skin of fold/fold mice
appeared characteristically wrinkled. Histologically, the skin
in both mutations from P7 through P21 and all genetic
backgrounds was characterized by epidermal hyperplasia,
hyperkeratosis and follicular dystrophy (Figure 3A). IHC
analysis of dorsal skin from 15-day-old FVB/N-bar/bar mice
showed overexpression of basal keratins, K5 (not shown),

Figure 1. Expression of ASS1 in mouse tissues.
Several tissues from wild-type FVB/N adult mice
were analyzed by IHC using a monoclonal anti-
body against the C terminus of human ASS (BD
611700). Note the high expression of ASS1 in
liver, intestine (villi), kidney (tubules), and bone
marrow. In the skin, ASS1 is expressed in the
keratinocytes of the basal epidermis and outer
root sheath. All magnifications, �200.
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and K14, as well as abnormal expression of K6 in the
interfollicular epidermis (Figure 3, B and C), suggesting
abnormal epidermal differentiation. Expression of early su-
prabasal markers, K1 and K10, did not differ between mu-
tant mice and littermate controls (data not shown). Abnor-
mal expression of filaggrin and desmoglein was also
observed in mutant dorsal skin (Figure 3, D and E). Desyn-
chronization of the growth cycle of hair follicles was also
found in both mutations (data not shown).

At P14, the brain weights of bar/bar, fold/fold, and bar/
fold mutant mice were reduced by 45%, 10%, and 6%,
respectively, as compared with sex- and age-matched

littermate controls [FVB/N-�/�: 500 � 14.5 mg; FVB/N-
bar/bar: 274 � 20 mg; C57BL/6-�/�: 407 � 7.6 mg;
C57BL/6-fold/fold: 370 � 13.2 mg; C57BL/6-bar/fold:
389 � 33.2 mg (n � 3 for all strains)]. Despite the de-
crease in brain mass, the ratio of brain weight to body
weight was increased in all 3 mutant strains as compared
with littermate controls [FVB/N-�/�: 49 � 4; FVB/N-bar/
bar: 76 � 20; C57BL/6-�/�: 58 � 1; C57BL/6-fold/fold:
69 � 11; C57BL/6-bar/fold: 64 � 10 (n � 3 for all strains)].
In normal mice, this ratio decreases dramatically during
the first two weeks of postnatal development.35 The
higher ratios exhibited by mutant mice are likely due to
their growth retardation.

Slower Rate of Migration of Granule Cells in the
Cerebellum of Mutant Mice

Given that substantial cerebellar development in the
mouse occurs postnatally, detailed histological examina-

Figure 3. Histology and immunohistochemistry of FVB/N-Ass1bar/Ass1bar

mouse epidermis at P15. A: Hematoxylin-eosin (H&E) staining of normal
(left) and mutant (right) dorsal skin. Although hair follicles are in
anagen, hair shafts do not penetrate the epidermis and keratin is accu-
mulated inside the dilated follicular infundibulum (arrow). Mutant skin is
severely dysplastic, markedly hyperkeratotic, and lacks a normal hypo-
dermal fat layer. B: Note the overexpression of basal cell marker K14 in
mutant epidermis. C: Note that in back skin from mutant mice, K6
expression is present in the interfollicular epidermis, a feature not found
in age- and sex-matched littermate controls. D and E: Note the marked
increase in the expression of the late marker proffilagrin/filaggrin and
adhesion molecule desmoglein in mutant epidermis. Immunohistochem-
istry was performed with specific antibodies as described in Materials and
Methods. All magnifications, �100.

Figure 2. Homozygous Ass1bar and Ass1fold and compound heterozygous mice
exhibit variable degrees of growth retardation and alopecia. A, Left: Growth
retardation and alopecia at P9 in Ass1bar/Ass1bar (bottom) and Ass1fold/Ass1fold

(middle) compared with control littermate (top). Right: Growth retardation and
alopecia at P10 in Ass1bar/Ass1bar (right) and Ass1bar/Ass1fold (middle) compared
with littermate control (left) (all mice on C57BL/6 background). B, Left: At P21,
Ass1fold/Ass1fold (top) and Ass1bar/Ass1fold (middle) are almost the size of wild-
type littermates (bottom) and exhibit a full coat of pelage, albeit sparse. Right:
An adult FVB/N-bar/barmouse exhibiting substantial reduction in body size and
generalized alopecia when compared with littermate control (bottom). C, Top:
Mean weight values of FVB-�/� (n � 15), FVB-bar/bar (n � 15), C57BL/6-
�/� (n � 12), C57BL/6-bar/bar (n � 10), C57BL/6-fold/fold (n � 12), and
C57BL/6-bar/fold (n � 10), showing growth retardation in mutant mice during
the first 3 weeks of life, particularly pronounced in bar/barmice. P� 0.0001 for
C57BL/6-�/� vs. C57BL/6-bar/bar; P � 0.0002 for FVB-�/� vs. FVB-bar/bar
(pairwise comparisons using t-tests). Bottom: Survival curves over the first 30
days of life show differences in death rates between FVB-bar/bar (n � 45),
C57BL/6-bar/bar (n � 42), C57BL/6-fold/fold (n � 22), and C57BL/6-bar/fold
(n � 12) mutant mice. At P30, differences between bar/bar and bar/fold
genotypes were highly statistically significant (P � 0.001).
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tion was performed between days P7 and P14 (peak of
granule cell migration). Postnatal migration of granule
cells from the EGL to the IGL was essentially complete in
wild-type littermates by P14; however, granule cell migra-
tion appeared to be delayed by several days in both
genotypes and was more pronounced in bar/bar mice.
At P7, the EGL and IGL in bar/bar mice displayed
reduced cellularity, a poorly defined molecular layer
(ML), and slightly reduced levels of EGL proliferation,
as measured by Ki-67 immunostaining (Figure 4A).
Increased expression of activated caspase-3 at P7 in
the EGL and IGL of bar/bar mice indicated an increase
in apoptosis (Figure 4B) that may have caused the
hypocellularity of the IGL. Immunostaining with Pax6, a
granule cell marker, at P14 showed a thicker EGL in the
mutant cerebellum (Figure 4C), suggesting decreased
cell migration to the IGL. Around P21, bar and fold
mutant cerebella from surviving mice had preserved
foliation and a normal arrangement of EGL, ML, Pur-
kinje cell layer, and IGL (data not shown).

To study in vivo granule cell migration, we performed
pulse labeling of migrating cells with BrdU. At 72 hours
after a single BrdU injection, few labeled cells were found
in the EGL of wild-type littermates at P14, whereas many
granule cells were labeled in both the EGL and the ML in
bar/bar mutant mice (Figure 4D). IHC analysis of mutant
cerebella using GFAP-specific antibody showed disorga-
nization and low density and shortening of Bergmann
glial fibers in the cerebellum of bar/bar mice (up to P14)
(Figure 4E). These results suggest that granule cells mi-
grate more slowly in the hyperammonemic brain of mu-
tant mice and that this defect might be secondary to
disorganized Bergmann glial fibers, essential for neuro-
nal migration during pre- and postnatal cerebellar
development.36

Nitrative Stress Is Significantly Decreased in the
Cerebellum of Mutant Mice

Tyrosine nitration is one of the earliest markers found in
brains from people affected with Alzheimer disease
and in degenerating neurons in amyotrophic lateral
sclerosis patients.37,38 The association of specific ox-
idative damage with sites of injury in different types of
neurodegeneration could signify a common underlying
mechanism or simply reflect secondary epiphenom-
ena. Nitrotyrosine is formed in proteins by the action of
a nitrating agent originated from superoxide anion and
NO.39 Thus, if the mutant mice display an increase in
these radicals (assuming that antioxidant defenses re-
mained constant), an increase in nitrotyrosine should
be observed. To this end, we performed IHC to evalu-
ate nitrotyrosine in the brains of bar/bar and fold/fold
mice and littermate controls at P8. Control mice
showed nitrotyrosine staining in the EGL and IGL of the
cerebellum suggesting a background normal level of
nitrative stress during postnatal development. Con-
versely, mutant mice did not show a significant nitro-
tyrosine staining in any of the regions of the cerebellum
indicating that nitration of proteins has been halted
(Figure 5A). To exclude the possibility that proteins in
mutant brains were resistant to nitration, we incubated
control and mutant brain slices with tetranitromethane
(to induce chemical nitration). Subsequent immuno-
staining for nitrotyrosine revealed no differences be-
tween mutant and control brains, thus confirming that
the mutant brains were not resistant to nitration. These
results suggested that in mutant mice either the ex-
pression of neuronal NO synthase (nNOS or NOS1) in
the brain was decreased or the production of NO was
decreased without significant changes in enzyme ex-
pression. Immunoassaying for nNOS indicated that

Table 1. Plasma Ammonia, Citrulline, and Arginine Levels and ASS Liver Activity in bar/bar, fold/fold, and bar/fold Mice
Compared with Data from CTLN1 Human Patients

Genotype Ammonia (�g/dl) Citrulline (�mol/L) Arginine (�mol/L)
ASS Liver activity

(�mol/min/g)

FVB/N-bar/bar 530 � 27 5790 � 841 97 � 11 0.06 � 0.02
(n � 4, P14) (n � 4, P14–P21) (n � 4, P14–P21) (n � 3, P20)

FVB/N-�/� 201 � 37 145 � 27 209 � 49 3.73 � 2.39
(n � 4, P14) (n � 4, P14–P21) (n � 4, P14-P21) (n � 3, P20)

C57BL/6-bar/bar 556 � 21 N/A N/A 0.03 � 0.03
(n � 3, P14) (n � 3, P21)

C57BL/6-fold/fold 462 � 12 2941 � 1347 171 � 68 0.12 � 0.06
(n � 4, P14) (n � 4, P14–P21) (n � 4, P14–P21) (n � 3, P21)

C57BL/6-bar/fold 356 � 22 2076 � 192 229 � 41 0.12 � 0.06
(n � 3, P14) (n � 3, P14–P21) (n � 3, P14–P21) (n � 3, P21)

C57BL/6-�/� 193 � 35 106 � 6 271 � 51 1.23 � 0.75
(n � 3, P14) (n � 3, P14-P21) (n � 3, P14–P21) (n � 3, P21)

Reference values for
human CTLN1
patients

18–2900 1685 � 1325 (n � 24) 71 � 38 (n � 24) 0.02–0.8
(control range 10–60) (control range 10–50) (control range 20–149) (control range 0.8–3.8)

(Ref. 25) (Refs. 15, 25) (Refs. 15, 21) (Ref. 34)

Values are mean � SD using data from 3 or 4 mice of each genotype. Number and age of mice are presented in parentheses. Plasma was
prepared using ammonia-free heparin. Liver samples were removed from mice at necropsy and stored at �80°C until analysis. �g/dl: Microgram of
ammonia per deciliter of plasma; �mol/L: micromoles of amino acid per L of plasma; �mol/min/g: micromoles of final reaction product per minute and
per gram of tissue. Plasma amino acid analysis and liver ASS enzymatic activity were performed at BCM Medical Genetics Laboratories, Houston, TX.
Reference values for human CTLN1 patients are from the bibliographic references in parentheses.
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fold/fold cerebella had 60% to 70% of control values
(P � 0.05; Figure 5B). Although statistically significant,
this amount of enzyme cannot account for the negligi-
ble amount of nitrotyrosine observed in mutant cere-
bella. Of note, the immunostaining for nitrotyrosine fol-
lowed the distribution of NOS1 in control cerebellum,
whereas nitrated proteins in mutant mice followed a
different pattern than that of NOS1 distribution (Figure
5B). Finally, we performed IHC at P14 to evaluate
malondialdehyde (MDA), a marker of lipid peroxida-
tion, and found increased staining in the EGL of mutant
cerebella, compared to controls (Figure 5C).

Successful Treatment of Affected Mice with
L-Arginine and Sodium Benzoate

When treated daily with intraperitoneal injections of so-
dium benzoate (0.1 g/kg body weight) and L-arginine

(1g/kg body weight), a standard therapy for CTLN1 pa-
tients, the neonatal crisis in bar/bar and fold/fold homozy-
gous mice could be circumvented. In a few days, all
aspects of the mutant phenotype were rescued in treated
preweaned mice. Twelve hours after the first injection,
mutant mice appeared more active and no tremors or
ataxia were observed. After six weeks of daily injections,
surviving FVB/N-bar/bar mice, homozygous for the more
severe of the mutant alleles, exhibited a full hair coat,
albeit sparse (Figure 6A). We also assessed cerebellar
morphology in treated mice and found that, at P14, the
defective granule cell migration in mutant cerebella ap-
peared to be corrected. Instead of the thick EGL, poorly
defined ML, and reduced cellularity of the IGL seen in
cerebella from untreated mutant mice, treated mutant
mice cerebella had a thin EGL (with slightly increased
proliferation), well-defined ML, and almost normal cellu-
larity of the IGL (Figure 6B). Protein restriction was not
investigated because all studies were carried out using
preweaned mice.

Discussion

To improve medical management of human patients with
CTLN1, a greater understanding of the following aspects
of the disease is essential: (i) pathophysiology of the
neurological damage; (ii) correlation between specific

Figure 4. Morphological changes in the cerebellum of FVB/N-Ass1bar/
Ass1bar mice at P7 and P14. A: H&E and Ki-67 immunostaining (inset) of a
sagittal section of normal (left) and mutant (right) cerebella. Note the
reduced cellularity of the IGL and poorly defined ML in bar/bar mice at P7
compared with controls. B: Activated caspase-3 immunostaining at P7 show-
ing increased apoptosis in the EGL and IGL of bar/bar mice (arrowheads).
C: At P14, Pax6 immunostaining shows a thicker EGL in bar/barmutant mice
compared with controls (arrowheads). D: Seventy-two hours after a single
BrdU injection, there are still many granule cells labeled in the EGL or
migrating through the ML in bar/bar mutant mice (P14). E: GFAP immuno-
staining shows disorganization, low density, and shortening of Bergmann
glial fibers in the cerebellum of bar/bar mice at P14. Immunohistochemistry
was performed with specific antibodies as described in Materials and Meth-
ods. Magnifications, �40 (A) and � 100 (B–E). IGL indicates internal granule
layer; EGL, external granule layer; ML, molecular layer.

Figure 5. Nitrotyrosine and NOS1 in cerebella from C57BL/6-Ass1fold/
Ass1fold mice at P8 and MDA at P14. A: Nitrotyrosine immunostaining (in red)
of a sagittal section of normal (left) and mutant (right) cerebella shown at
�100 and �400 (inset). Nuclei are shown in blue. Arrowheads point at
areas with nitrotyrosine in the EGL and IGL. B: NOS1 immunostaining (in
green) shown at �100. Arrowheads point at areas with positive staining. C:
MDA immunostaining at P14 showing increased expression in the EGL of
fold/fold cerebellum (arrowheads) at �400. Immunohistochemistry was
performed with specific antibodies as described in Materials and Methods
(magnifications, �100 and �400). IGL indicates internal granule layer; EGL,
external granule layer; ML, molecular layer; NOS1, neuronal NO synthase;
MDA, malondialdehyde.
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ASS1 mutations and the severity of disease; (iii) influence
of genetic background and environment; and (iv) novel
therapeutic approaches. Additionally, because ex-
panded newborn screenings are now detecting CTNL1
patients with modest elevation in citrulline, it is also im-
portant to establish a way to manage these cases.34

Nevertheless, the insufficiency of animal models that re-
liably reproduce the pathological alterations of human
CTLN1 has seriously hampered the ability to generate
novel discoveries in these areas.

We introduce here two independent hypomorphic
mouse mutations affecting the Ass1 gene and present the
first comprehensive pathological description of a labora-
tory animal model of CTLN1. As in humans with ASS1
mutations, neonatal hyperammonemic encephalopathy,
lethargy, tremors, and decreased survival are periodi-
cally observed in all of the Ass1 hypomorphic allele com-
binations during the first weeks of age. Brains obtained at
P14 from bar/bar mice are about 60% of the normal size
(about the size of a 6-day-old wild-type brain). Histolog-
ically, this phenotype is associated with a reduced rate of
granule cell migration secondary to abnormal Bergmann
glia. At P14, the thickness of the EGL is greater in mutant

mice when compared with wild-type littermates and is
always associated with increased numbers of apoptotic
granule cells, poorly developed Bergmann glial fibers,
and hypocellularity of the IGL. Because Bergmann fibers
are essential for neuronal migration during cerebellar
development,36 we speculate that the presence of trun-
cated fibers that do not extend all of the way through the
IGL might be the cause of the granule cell migration
defect observed in the hyperammonemic brain of mutant
mice. Although several other spontaneous and targeted
mouse mutations have abnormal neuronal migration,40

few existing mouse models provide the ability to study
defective neuronal migration in a hyperammonemic
brain. In agreement with studies using other rodent mod-
els,41 the degree of cerebellar developmental delay and
severity of histopathological findings in bar/bar, fold/fold,
and bar/fold mutant mice correlate with the levels of hy-
perammonemia. However, it will be critical to determine
whether the high levels of citrulline also play a role in the
development of encephalopathy in our mouse model.42

The mechanism of cerebral damage in CTLN1 patients
is not well understood. Recently, ammonia-associated
neurotoxicity and enhanced oxidative stress during met-
abolic decompensation have been suggested to play a
role in the pathogenesis of CTLN1.43 Additionally, citrul-
line and ammonia accumulation may be responsible for a
decrease in the antioxidant capacity in the rat brain in
vitro.42 After studying children with CTLN1, Lücke et al
proposed that increased levels of the potent nNOS inhib-
itor asymmetric dimethylarginine (ADMA) may lead to
disturbed NO metabolism and/or enhanced nitrative
stress in neurons.43 However, a clear role for oxidative
and nitrative stress in CTLN1 has not yet been elucida-
ted.44 Few reports found increased biomarkers for oxida-
tive stress associated with sustained hypercitrulline-
mia,45 or decreased total antioxidant capacity in brain
with no changes in antioxidant enzyme activities or MDA
formation.42

In our mouse model, the higher content of MDA-reac-
tive material found in mutant cerebella compared to con-
trols can be linked to either increased oxidative stress, a
decreased capacity for glutathione peroxidase/glutathi-
one reductase to catabolyze lipid hydroperoxides, or a
combination of both processes. It is tempting to suggest
that a lower antioxidant capacity could be the result of a
lower NADPH availability to sustain glutathione redox
cycling.46,47 Nitrative stress (evaluated as nitrotyrosine)
in cerebella from mutant mice was significantly de-
creased when compared to controls (40% reduction in
the less severe fold/fold mutants). The decreased protein
nitration could result from the lower nNOS expression
found in the cerebella of mutant mice and/or to other
effects, not related directly to the NOS protein content,
but rather to metabolite control of enzymatic activity
within the tissue. In this regard, if we assume that the
plasma concentration of citrulline in mutant mice is equiv-
alent to its intracellular concentration, hypercitrullinemia
may lead to inhibition of dimethylarginine dimethylamin-
ohydrolase (DDAH) (enzyme that hydrolyzes the potent
nNOS inhibitor ADMA),48 resulting in an increase in
ADMA. This compound, in turn, would inhibit NOS,49

Figure 6. Improvement in mutant mice treated with sodium benzoate and
L-arginine. A: All bar/barmice, carrying the more severe allele, circumvented
the neonatal crisis when treated with daily intraperitoneal injections of
sodium benzoate (0.1 g/kg body weight) and L-arginine (1 g/kg body
weight). Without treatment, 50% of homozygous bar/barmice die before day
12. After three weeks of daily injections, mutant mice started to grow hair
(left), and some mice exhibited a full hair coat (although sparse) after four
weeks of treatment (right). B: Cerebellar morphology in treated mutant mice
appeared to be corrected at P14. Top: Cerebellum from untreated bar/bar
mouse showing thick EGL, poorly defined ML and reduced cellularity of the
IGL. Middle: Treated bar/bar mouse showing thin EGL (with increased
proliferation of granule cells when compared with wild type), well-defined
ML, and almost normal cellularity of the IGL. Bottom: Cerebellum from
wild-type mouse. Ki-67 immunohistochemistry was performed with specific
antibodies as described in Materials and Methods. Magnifications, �40.

1966 Perez et al
AJP October 2010, Vol. 177, No. 4



decreasing NO production and the ensuing NO-derived
nitrative stress. Given that the cessation of granule cell
proliferation and the differentiation of Bergmann glia is
inhibited by NOS inhibitors or NO scavengers, the lower
NO production would ultimately suggest that endoge-
nous NO can be a signal for the differentiation of granule
cells and Bergmann glia in cerebellar cortical develop-
ment.50 However, this hypothesis has to be proven by
future studies.

The influence of genetic background on the phenotype
of transgenic and mutant mice is well recognized, partic-
ularly in neurological and behavioral studies.51 To deter-
mine whether the genetic background modified the phe-
notype of our model, we performed our studies on the bar
mutation using congenic FVB/N and C57BL/6 strains. As
reported for the Spfash mouse,52 the interaction between
the bar mutation and genetic background revealed dif-
ferent phenotypes; for example, survival rate was lower in
C57BL/6 than FVB/N, and circling behavior was only
observed in FVB/N background. These results highlight
the importance of the elucidation of genetic modifiers to
improve the management of CTLN1.

The remarkable growth retardation observed in Ass1
hypomorphic mice is consistent with a previous report of
growth arrest in rapidly growing suckling rodents with
arginine deficiency.53 Likewise, given that the skin par-
ticipates in the synthesis of arginine-rich proteins (eg,
trichohyalin and filaggrin), the skin phenotype in the Ass1
hypomorphic mice may result, at least partially, from
moderate arginine deficiency. This hypothesis is sup-
ported by similar skin phenotypes in an arginine-deficient
transgenic mouse model,32 ornithine transcarbamylase–
deficient mice,53 and some CTLN1 patients.54 Additional
studies will be necessary to confirm this hypothesis and
to reveal the mechanism leading to abnormal keratino-
cyte differentiation in the mutant epidermis.

In summary, we present here a new animal model for
studying CTLN1 where mice carrying the hypomorphic
mutations bar and fold replicate the pathology of the
human disease. In addition, the disease severity, partic-
ularly in terms of survival rate, developmental delay, and
neurological phenotype, is unique in each of the hypo-
morphic mutations. These differences allowed us to re-
produce phenotypic variations using homozygous and
compound heterozygous combinations that create a
spectrum of severe (bar/bar), intermediate (fold/fold), and
mild (bar/fold) phenotypes. The fact that the compound
heterozygotes, carrying one severe allele (bar) and one
mild allele (fold), unexpectedly exhibited a milder pheno-
type (including residual activity of liver ASS and less
pronounced plasma ammonia levels) than mice carrying
two copies of the mild allele (fold/fold) warrants further
investigation of the molecular interactions between these
ASS1 mutant proteins. Our results show that a therapeu-
tic effect can be obtained in our mouse model of CTLN1
with L-arginine supplementation and removal of nitrogen.
Thus, our animal model provides a new tool for the de-
velopment of alternative and more effective therapies for
CTLN1 and other hyperammonemic encephalopathies
and, for the first time, provides a method for studying the
early consequences of CTLN1. Further pathological and

behavioral description (eg, learning and memory) of this
hypomorphic mouse model of CTLN1 may provide clues
to the processes underlying the neurological symptoms
in humans, including mental retardation.
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