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In this report we demonstrate that the causative gene (Mrs2)
encodes a protein that is an essential component of the major
electrophoretic Mg?* influx system in mitochondria [6]. This gene
has orthologues in other organisms, including lower eukaryotes
and plants [7,8]. The protein shares many of the properties of
bacterial CorA and yeast Alrl proteins but its specific involvement
in the myelination process was not known or even suspected.

Results

dmy/dmy rats exhibit a phenotype with typical
demyelination

The pathology of homozygous dmy/dmy rats has been reported
in detail previously [4]. Mutant rats exhibit no significant
differences from their control littermates until 4 weeks of age.
From 5 weeks on, flaccidity of the hind limbs becomes noticeable
and evolves towards complete paralysis around 7-8 weeks of age.
Progressive demyelination is observed in several parts of the CNS
(Figure 1), namely the corpus callosum, the capsula interna, the
striatum and the cerebellar peduncle, with major effects on the
ventral and lateral parts of the spinal cord. Astrogliosis, which is a
major feature of myelin disorder, is observed in demyelinated
areas but motor neurons remain normal and there is no sign of
associated inflammation in the white matter. The dmy mutation
can then be regarded as a mutation affecting the maintenance and
turnover of myelin rather than its initial production: this is typical
demyelination [9].

The dmy syndrome is associated with a mutation in a
splicing site of Mrs2, a gene encoding a mitochondrial
Mg?* channel

Out of 687 dmy/dmy mutant rats, collected from the 3,252
offspring of an intercross segregating for the dmy mutation, 23
individuals were found to carry a recombinant haplotype between
the two loci that were used for the initial genetic mapping, namely;
Prl (prolactin) and Hhltts (testis-specific histone, HI1t). Further
investigation of these animals, using three novel informative SSLP
markers, allowed us to narrow the genetic interval containing dmy
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down to 0.22 cM, between markers DI7Kurl7 and DI7Got45.
Within this critical section, we found no recombination between
the dmy locus and either Aldh5al (aldhehyde dehydrogenase family
5, subfamily Al) or Mrs2 (mitochondrial 118 RINA splicing?) loci,
among 687x2=1,374 meioses. The rat genome databases
revealed that DI7Kurl7 and DI17Got45 were at position 46.78-
Mb and 47.26-Mb, respectively, on rat Chr 17, yielding a physical
size of 0.48 Mb of DNA for the interval containing the dmy locus.
This stretch of DNA contained 6 genes (Figure 2A).

Analysis by RT-PCR of the transcription products of these 6
genes revealed that the cDNA transcribed from the Mrs2 gene was
larger in dmy/dmy mutants than in the controls (Figure 2B). After
sequencing, we found that the larger size of the dmy cDNA was due
to the insertion of an 83 bp intronic sequence between exons 3
and 4. Comparison of the two genomic sequences revealed a G-to-
A transition, 177 bp downstream of the end of exon 3 (Figure 2C,
Figure S1), generating a novel splice acceptor site, which
accounted for the addition of the 83bp stretch of intronic sequence
to the mutant transcript. In addition, while the AMrs2 gene
normally encodes a 434 amino-acid protein, the intronic insertion
leads to a shorter protein (106 amino acids) due to the occurrence
of a stop codon as a consequence of frame shifting within the novel
pseudo-exon X. The new protein consisted of the first 91 amino
acids of normal (wild-type) MRS2 protein followed by an
additional 15 amino acids transcribed from the intronic stretch
(Figure 2D) [10]. No nucleotide alteration was observed between
normal and mutant haplotypes in the cDNA transcribed from the
other 5 genes (Vmp, Dcdc2, Gpldl, Aldh5al, and KI440319). These
findings strongly suggested that the G-to-A mutation in intron 3 of
Mrs2 in dmy/dmy rats was very likely causative of the neurological
phenotype.

dmy/dmy rats exhibit morphological and biochemical

features characteristic of mitochondrial deficiencies

The MRS2 protein functions as a major transporter protein
(Mg?*, Ni** and Co®") in yeast as well as in human cells [10,11].
When this protein is functionally defective this leads to the “petite”
phenotype in yeast and to cell death in human HEK 293 cells
[11,12]. Because mitochondrial diseases in mammals are often
accompanied by elevated lactic acid, reduced ATP, increased
cytochrome oxidase (COX) activity, and the morphological
alteration of mitochondria [13—15], we measured lactic acid levels
and ATP contents in the CNS and performed morphological
analyses of the CNS of dmy/dmy rats.

Lactic acid concentration in the cerebrospinal fluids was
significantly elevated in dmy/dmy rats when compared with normal
littermates: 126+43.7 mg/dL vs 25%9.6 mg/dL (average = SD),
P<0.002 (Figure 3A). The ATP concentration was markedly
reduced in dmy/dmy rats: 265+£79 pM/mg vs 99*46 pM/mg
(average * SD), P<0.005 (Figure 3B). In the affected dmy/dmy
rats, swollen oligodendrocytes were often observed in the white
matter, showing the increased COX reaction products (Figure 3C).
Ultrastructurally, their cytoplasm contained many mitochondria
and Golgi apparatus-like membrane structures (Figure 3D). These
findings indicated that the mitochondria of dmy/dmy rats were
functionally defective.

Rescue of dmy/dmy mutant phenotypes by transgenic
complementation

To ascertain that the molecular defect (i.e. G-to-A transition)
observed in the dmy mutant haplotype was causative of the
abnormal phenotype observed in dmy/dmy rats, we attempted to
rescue the mutant phenotype by transgenic complementation. We
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Figure 1. Demyelination in dmy/dmy rats. A. Histopathology of the cervical part of the spinal cord of dmy/+ (left) and dmy/dmy (right) rats aged
10 weeks. Luxol fast blue-HE staining. Original magnification: x100. B. Electron microscopy of the cervical part of spinal cord of dmy/dmy rats (10
weeks). Naked axons with demyelination (arrowheads) are indicated by asterisks. Inset: control image of the spinal cord from the age-matched wild

type rat. Axons are normally myelinated. Bar=1 pm.
doi:10.1371/journal.pgen.1001262.g001

established two independent WTC.DMY-dmy lines, expressing
each Mrs2 wild-type cDNA under the control of a cytomegalovirus
(CMV) promoter (Figure S2A), and found that all dmy/dmy
transgenic rats exhibited a completely normal phenotype, with no
paralysis of the hind limbs. Histopathological analyses demon-
strated that both transgenic lines no longer exhibited any sign of
demyelination of the CNS (Figure S2B). In addition, lactic acid
levels of the cerebrospinal fluid of transgenic dmy/dmy rats had
returned to the normal range (Figure S2C). Electron microscopic
observations revealed that mitochondria of the oligodendrocytes in
transgenic rats were normal in their morphology and number
(Figure S2D). These findings confirmed that the molecular
changes reported above and observed in the Mrs2 gene were
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indeed causative of the dmy-mutant phenotypes. For this reason we
decided that the symbol of the mutant allele should, from now on,
be changed to Mrs2™™.

MRS2-GFP recombinant protein is expressed in the
mitochondria

To characterize the tissues and cell types expressing MRS2 as
well as the subcellular localization of this protein in the CNS, we
generated a strain of rats transgenic for a recombinant MRS2-
GFP BAC clone. These transgenic rats were expected to express
recombinant protein under the control of the endogenous, normal
Mprs2 promoter. We found that cytoplasmic dot-like MRS2-GFP
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Figure 2. Positional cloning of the dmy mutation. A. The dmy locus was localized within a 0.22-cM region of chromosome 17 between D17Kur17
and D17Got45 and no recombination was observed with SSLP markers designed from Aldh5a1 and Mrs2 genomic sequences in 1,374 informative
meioses. Within the 0.48-Mb physical interval between D17Kur17 and D17Got45, harboring the dmy locus, 6 genes: Vmp (vesicular membrane protein
p24), Dcdc2 (doublecortin domain containing 2), Mrs2 (MRS2 magnesium homeostasis factor (S. cerevisiae), Gpld1 (glycosylphosphatidylinositol
specific phospholipase D1), Aldh5a1 (aldehyde dehydrogenase family 5, subfamily A1), and KIAA0319, were previously mapped. B. A larger RT-PCR
product was obtained when amplifying the 5’ region of Mrs2 ¢DNAs from dmy/dmy rats with a primer set of rMrs2l-3&4 (5'-
TGTACTGATCTACCCGAGTTCC-3" and 5'-TCTGGAGTTATCACAGCCTTCA-3'). M: molecular marker, ®X174-Haelll digest. C. Upper: Genomic
organization in the vicinity of intron 3 of the Mrs2 wild-type allele. Lower: Genomic rearrangements in the same intron 3 of the Mrs2™ mutant
allele. In the Mrs2°™ mutant allele, a novel splice acceptor site was generated as a consequence of a G-to-A transition at 177 bp downstream of the
end of exon 3. An 83-bp genomic sequence (boxed in gray), downstream of the recently generated acceptor site (tggcag), is then inserted into the
Mrs2 mutant transcript. This sequence contains a premature stop codon (vertical arrow), which truncates the protein almost immediately
downstream of exon 3. D. Schematic representations of the wild-type and dmy MRS2 proteins. Conserved amino acid residues and transmembrane
domains are indicated by grey and purple boxes, respectively. Coiled-coil regions are indicated by horizontal orange lines. The position of the dmy
mutation is indicated by an arrowhead, and the additional 15 residues (GATWTPRILEECLES), indicated by a black box, are deduced to be added
subsequently. Bottom: Schematic representation of the topology of MRS2. Purple: transmembrane domains, Orange: coiled-coil regions. The position
of the dmy mutation is indicated by an arrowhead.

doi:10.1371/journal.pgen.1001262.g002

signals were observed in neurons throughout the CNS. To a lesser  essential domains and accordingly its function of an Mg®*
extent, astrocytes and oligodendrocytes also exhibited occasional — transmembrane transporter. In other words, Mrs2” is a null

expression of MRS2 (Figure S3). Confocal microscopy demon- allele, which is totally consistent with its recessive allelic
strated that MRS2 is located in the mitochondria (Figure 4A—4C). interaction.
Moreover, immunoelectron microsopic examinations with anti- An MRS2 is a major transport for Mg”" uptake into

GFP antibody revealed that MRS2 is localized in the inner  mitochondria, its function would be expected to be important, if
membrane of the mitochondria (Figure 4D). MRS2 expression was not essential, for the maintenance of respiratory complex I and
also observed in the myocardium, liver, testis and skeletal muscles accordingly for cell wviability [6,11]. This assumption was
(Figure S4). supported by the analysis of MRS2 knock-down, mediated by
shRNA in a human HEK-293 cell line, which resulted in a series
Microglia activation and high expression of inﬂammatory of physiological changes ranging from transient reduction of Mg2+
cytokines were observed in Mrs 29MY /15 29MY (ats uptake to the complete loss of mitochondrial respiratory complex
Microglial activation, characterized by cellular hypertrophy, has L with decreased mitochondrial membrane potential and cell
been reported in various dysmyelinating and demyelinating death, dep.endmg on the duration of knock-down treatment '[1 1].
pathologies. To assess microglial activation, we performed However, if we consider the pht':not.ypc of our mu.tant rat, which is
immunohistochemistry for IBA1, a specific marker of microglia. ~ aPparently limited to the myelination process with a rather long
In Mrs2* /Mys2™ rats, prolonged activation of microglia was lifespan, the rolc. of MRS2 in the maintenance of cell integrity
prominently observed at 6-7 weeks of age (Figure 5A and 5B), the ~ should t.)c T .CCOHSIdCer.
stage at which clinical symptoms such as flaccid paralysis were Conmdgr@g the pathological features that appear to be
commonly observed. Expression levels of proinflammatory characterlsn.cs of the Mrs "~ allele on the one hand, a.nd
cytokines, such as /l16 and 1I6, were also significantly higher in MRS2-specific functions, as described above on the other, it is

Mrs2™™ /Mrs2™ rats than in wild-type littermates at 6 weeks of age logical to consider that the demyelinating syndrome in mutant rats
(Figure 5C). : results from a mitochondrial disease. This assertion is supported by

the observation of an elevated rate of lactic acid in the
cerebrospinal fluid, reduced ATP in the brain, increased COX

i ion . . . . .
EHgcuss activity, and the morphological alteration of mitochondria, which

Characterization, by positional cloning, of the molecular defect is generally considered a major characteristic of mitochondrial
responsible for the demyelinating phenotype observed in adult diseases [13-15]. An increase in mitochondria is characteristic of

dmy/dmy rats led us to incriminate a mutation in the Mrs2 gene. No cells with reduced respiratory capacity [19]. The association of
mutant allele before Mrs2*”, which we report here, has ever been mitochondrial dysfunction with demyelination (or leukodystrophy)
reported at this locus in any mammalian species. has been already reported in Leigh syndrome and mitochondrial

Ms2 encodes an inner membrane Mg®* channel in mitochon- DNA depletion syndrome [20-23]. The tissues most frequently
dria and belongs to a family with orthologous copies in a wide affected in these mitochondrial diseases are the cerebrum,
range of species [10,12]. Mrs2 was originally identified in yeast, peripheral nerves, and skeletal muscles, presumably because cells
and orthologous copies of this gene have been identified in a of these tissues require more energy than any other cells in the
variety of organisms, including bacteria (CorA), fungi (Alrl), and body. Unfortunately, the detailed pathophysiological mechanism(s)
plants (AtMrs2). All proteins in the family have the same substrate leading to demyelination in these diseases has not yet been

selectivity: they transport Mg®*, Co®" and some other divalent unraveled. We consider that our mutant rat could be an interesting
cations across the mitochondrial membrane. Even if these proteins tool for investigating this matter.

exhibit relatively low sequence similarities, they all have a few Mitochondrial dysfunction has also been observed in multiple
important domains at the same relative position and can sclerosis (MS), one of the most common demyelination diseases,

functionally complement each other over a wide range of  but here again many aspects of the pathophysiology require
phylogenetic distances [16,17]. In mammals, the normal protein further investigation [24,25]. This difficulty of linking gene
MRS2 has two universally conserved transmembrane domains functions with a specific syndrome is not so surprising if we
(IT'Ms) and a conserved Gly-Met-Asn (GMN) motif close to the first consider that, according to the most recent estimates, there may be
TM domain that forms part of the pore and is essential for Mg** as many as 1,500 nuclear-encoded mitochondrial proteins [26]
transport [18] (Figure 2D, Figure S5). As we demonstrated, the and that less than half have been identified with experimental
protein is truncated in dmy/dmy mutant rats, having lost both of its support. Clearly, a complete protein inventory of this organelle
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Figure 3. Biochemical and morphological abnormalities in the mitochondria of dmy/dmy mutant rats. A. Lactic acid concentration in
cerebrospinal fluid of 6-7-week-old dmy/dmy rats and age-matched wild-type rats. **, P<0.002. B. ATP levels in the brain of 6-7-week-old dmy/dmy
rats and age-matched wild-type rats. **, P<0.005. C. Cytochrome oxidase staining of the spinal cords of 6-7-week-old dmy/dmy (right) and age-
matched wild-type (left) rats. Swollen oligodendrocytes were often seen they showed increased COX reaction product. Bar=>50 um. D. Electron
microphotographs of a swollen oligodendrocyte in a dmy/dmy rat (right) and an oligodendrocyte in a control wild-type rat. White matter of thoracic
spine at 6 weeks of age. N: Nucleus of the oligodendrocyte. Axons adjacent to the oligodendrocyte are indicated by asterisks. Bar=2 pm.
doi:10.1371/journal.pgen.1001262.g003

across tissues would provide a molecular framework to relate gene in question is expressed at a higher rate in neurons than in
mitochondrial biology and pathogenesis [27]. oligodendrocytes (Figure 4, Figure S3). This was rather unexpect-

A point concerning Mrs2 gene expression in the CNS that is ed if we consider that oligodendrocytes are the cells actually
worth noting after our experiments and observations is that the responsible for myelination of the CNS. At this time, it remains
@ PLoS Genetics | www.plosgenetics.org 6 January 2011 | Volume 7 | Issue 1 | €1001262
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Figure 4. Expression of MRS2 protein in the mitochondria. MRS2-GFP recombinant protein (Green) was seen in the cytoplasm of pyramidal
cells (A). MRS2-GFP signals were colocalized with the mitochondria (B), as shown in the confocal image of GFP and mitochondrial
immunohistochemistry (C). Nuclei were stained with DAPI (Blue). Bar: 5 um. Immunoelectron microscopy using anti-GFP antibody revealed that
MRS2-GFP signals were localized in the inner membrane of the mitochondria (arrows) (D). Bar: 200 nm.

doi:10.1371/journal.pgen.1001262.g004

unclear whether the demyelination in dmy/dmy rats is triggered
cell-autonomously or cell-nonautonomously. Instead, it is likely
that demyelination is enhanced by the surrounding cells, such as
activated microglia and astroglia. At 6 weeks of age, when dmy/dmy
rats began to exhibit ataxia [9], cytokine levels were elevated and
microglia were activated (Figure 5), and it is considered that
activated microglia cause neuronal damage through the release of
potentially cytotoxic molecules, such as proinflammatory cyto-
kines, reactive oxygen intermediates, proteinases, and complement
proteins [28]. Oligodendrocytes show greater vulnerability to such
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molecules [29,30]. Additionally, Kuwamura and co-workers
reported prominent astrogliosis and many ED-1-positive macro-
phages in myelin-destroyed areas [9]. When considered together,
these morphological observations led us to believe that the
demyelination observed in dmy/dmy rats is probably enhanced by
activated microglia and astroglia.

In summary, we identified Mrs2"” as a loss-of-function
mutation of the Mrs2 gene that normally encodes Mg?*
transporter protein of the mitochondrial inner membrane. Our
observations also demonstrate that the mechanisms underlying the

January 2011 | Volume 7 | Issue 1 | e1001262
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Figure 5. Activation of microglia in the central nervous system of Mrs2Z’™ /Mrs2®™ rats. Immunohistochemistry for Iba1 in the lumbar part
of the spinal cord of wild-type (A) and Mrs2°™/Mrs2°™ rats (B) at 6 weeks of age. Signals of Iba1 (AlexaFluor 546 nm; red), which is upregulated
during the activation of microglia, are seen in Mrs2®™/Mrs2’™ rats much more the wild-type control. Nucleus is stained with DAPI (blue). C,
Inflammatory cytokine mRNA expression in the CNS of wild-type (CJ) and Mrs2%™/Mrs2°™ (M) rats. IL1b expression was elevated in Mrs29™ /Mrs2°™
rats at 4 and 6 weeks of age. IL6 was elevated in Mrs29™/Mrs2°™ rats at 6 weeks of age. * P<0.05, ** P<<0.005.

doi:10.1371/journal.pgen.1001262.g005

initial development of myelin (myelination) arc different from
those that are involved in its maintenance and turnover since, in
Mis2®™ [ Mys2™™  rats, myelin development is normal while its
maintenance is defective. Our mutant rats also appear to be an
excellent animal model, not only to evaluate the causal
relationships between primary mitochondrial dysfunction and
subsequent demyelination, but also for the development of
therapies making use, for example, of cell transplantation.

Materials and Methods

Genetic fine mapping of dmy

Congenic strains WTC (NBRP#0020) and WTC.DMY-dmy
(NBRP#0021) were both from the National BioResource Project -
Rat, Kyoto University (Kyoto, Japan). (WTC.DMY-dmy x BN/
SsNSIc)F1(+/dmy) rats were intercrossed to produce F2 progeny.
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dmy/dmy homozygotes were identified at 7-8 wecks of age, when
paralysis of the hind limbs was obvious. 687 dmy/dmy rats were
collected out of 3,252 F2 animals (~21%) and used for fine
mapping of the dmy locus. Simple sequence length polymorphisms
(SSLPs) from the Prl (prolactin) and Hkltts (Testis-specific histone,
Hlt and H4t) genes were used for genotyping as described [31].
To refine the limits of the recombinant interval between P/ and
Hhltts, two gene-specific and one anonymous SSLP markers were
used: Mrs2 (5'-TCTCCCTTGCCTCTATCTCTCGTCT-3",5'"-
CCTGCAGTACTGGGTAAGCCTGATG-3"), Aldhbal (5'-GT-
TAACTGCACAAGAGCAAGCCAGT-3', 5'-GCTAATGTTA-
AGTCATGGGGTGAGG-3'), and DI7Kurl7 5'-ACCTCTTT-
TTGCCAGCATTG-3", 5'-CCCTGGGATTGGTCCATA-3').
All animal experiments were approved by the Animal Research
Committee of Kyoto University and were conducted according to
the Regulations on Animal Experimentation of Kyoto University.
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RT-PCR and direct sequencing

Total RNA was isolated from the brain of 5-week-old animals
using ISOGEN (NIPPON GENE, Tckyo, Japan). RT-PCR and
direct sequencing of the PCR products were carried out as
described previously [32].

Transgenic rescue and recombinant BAC transgenics

A construct containing the CMV promoter, 1.45-kb of the Mrs2
coding sequence, and SV40 polyA signal was excised from the
vector (pCMV-Script; Agilent Technologies, CA, USA) and used
as a transgene, which was microinjected into the pronuclei of
fertilized oocytes collected from Crj:Wistar rats. Transgenic
offspring founder rats were then crossed with WI'C- +/dmy rats
and then backcrossed again to WTG- +/dmy rats to obtain dmy/
dmy homozygous and also hemizygous for the transgene (dmy/dmy,
tg/-). Expression of the transgene was confirmed by RT-PCR with
primers (5'-GCGAATGGAGATCCAATTTT-3', 5'-GGGAG-
GTGTGGGAGGTTTT-3") to detect SV40 polyA sequence.
Brain RNA was treated with DNase I (New England BioLabs) to
remove contaminating genomic DNA and then subjected to
c¢DNA synthesis.

A rat BAC clone, CHORI-230-9K 13, including the rat Mrs2
gene was modified to express MR2SL-EGFP fusion protein under
the endogenous promoter by ET recombination technology [33].
Modified genomic DNA was excised from the vector and then
used for i ovo transgenesis.

Quantitative PCR

Real-time PCR was performed using the Thermal Cycler Dice
Real Time System (Takara Bio Inc., Otsu, Japan) with SYBR
Premix Ex Taq II (Takara Bio Inc., Otsu, Japan). By monitoring
amplification curves of a test sample and reference samples that
contained 101-106 molecules of the gene of interest, the number
of target molecules in the test sample was analyzed. The number
of target molecules was normalized to that of glyceraldehyde-3-
phosphate dehydrogenase (Gapdh) as an internal control. The
primers used are as follows: 5'-GCTGTGGCAGCTACC-
TATGTCTTG-3' and 5-AGGTCGTCATCATCCCACGAG-
3’ for the rat Interleukin-1b (Z74), 5'-CCACTTCACAAGTCG-
GAGGCTTA-3" and 5'-GTGCATCATCGCTGTTCATACA-
ATC-3' for the rat interleukin-6 (£l6), 5'-GGCACAGT-
CAAGGCTGAGAATG-3' and 5'-ATGGTGGTGAAGACGC-
CAGTA-3’ for rat Gapdh.

Electron microscopy

Perfusion fixation through the left ventricle was conducted with
4% paraformaldehyde in 0.1 M phosphate buffer (PB). Brains and
spinal cords were dissected and stored in 2% paraformaldehyde
and 2.5% glutaraldehyde in 0.1 M PB, then post-fixed with 2%
osmic acid for 2 hours and embedded in epoxy resin. Ultrathin
sections were double-stained with uranyl acetate and lead citrate
and examined by a Hitachi H-7500 electron microscope (Hitachi,

Tokyo, Japan).

Immunohistochemistry

Immunohistochemistry was performed as described previously
[9]. The following primary antibodies were used: monoclonal anti-
2', 3'-cyclic nucleotide-3’-phosphodiesterase (CNPase) for oligo-
dendrocytes (1:1,000; Sigma, St. Louis, MO, USA), monoclonal
anti-mitochondria (1:100; Abcam, Cambridge, MA, USA),
polyclonal anti-GFAP for astrocytes (1:1,000; Dako, Carpinteria,
CA, USA), polyclonal anti-Ibal for microglia/macrophages
(1:200; Wako Pure Chemical Industries, Osaka, Japan). Cy3-
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conjugated anti-mouse IgG (1:500; Jackson Laboratories) or Alexa
588-conjugated anti-rabbit IgG (1:500; Molecular Probes) anti-
body was reacted. Nuclei were counterstained with DAPI (Vactor
Laboratories). Signals were detected with a fluorescence micros-
copy (Olympus, Tokyo, Japan) or a confocal imaging system
(C18Si; Nikon, Tokyo, Japan).

For immunoelectron microscopy, PFA-perfused frozen sections
were incubated with rabbit antibody against fluorescent protein
(1:2,000; Molecular Probes) at 4 °C overnight. After washing in
PBS, peroxidase-conjugated anti-rabbit IgG Fab fraction (Jackson
Laboratorics, 1:1,000) and immunoreactions were reacted 3,3-
diaminobenzidine substrate kit (Vector Laboratories), postfixed in
1% osmium tetraoxide, dehydrated in graded ethanol, and then
embedded in epoxy resin. Ultrathin sections were examined by
clectron microscopy (Hitachi, Tokyo, Japan).

Lactic acid measurements

Cerebrospinal fluid was collected from dmy/dmy, wild-type
littermates, and dmy/dmy with the normal Mrs2 transgene at 6-7
weeks of age under isoflurane anesthesia. They were then mixed
with 0.8N perchloric acid to inactivate proteins. After centrifuga-
tion, lactic acid concentrations of the supernatants were measured
by Determiner LA (KYOWA MEDEX Co., Ltd., Tokyo, Japan).

Cytochrome oxidase histochemistry

Frozen spinal cord sections were prepared. Then, 100 pl of
freshly prepared reaction buffer [50 mM Tris/HCl (pH 7.4),
0.5 mg/ml diaminobenzidine, 20 ug/ml catalase and 0.50 mg/ml
cytochrome C] was added to each section and slides were
incubated for 30 min at 37°C.

ATP measurements

Rats were sacrificed by cervical dislocation and the brains were
immediately excised, frozen in liquid nitrogen, and stored at
—80°C until measurement. In order to release cellular ATP,
frozen tissue (25 mg) was boiled for 2 min after the addition of
300 pl water containing 100 mM Tris/HCl (pH 7.75) and 4 mM
EDTA. Samples were placed on ice and homogenized by
sonification (micro tip, 1 s x10 pulse). ATP concentrations were
determined using the ATP bioluminescence assay kit HS II
(Roche) according to the manufacturer’s protocol. Data were
standardized to the protein concentration which was determined
by Coomassie Plus — the better Bradford assay kit (Pierce).

Statistical analysis

Statistical differences in lactic acid, ATP and mRNA expres-
sions between wild-type and dmy/dmy rats were evaluated using the
Mann-Whitney U test.

Supporting Information

Figure S1 Detection of the Mrs2™ mutation. A. Chromato-
grams showing the Mrs2™ G-to-A mutation. Upper: wild-type
genome. Lower: Mrs2 /Mrs2™ genome. The Mrs2™™ mutation
disrupted Ael restriction site (GGCG) in the Mrs2™™ /Mrs2*™
genome. B. Molecular diagnosis of the Mrs2”” mutation. In the
wild type, the 349-bp PCR product amplified with primers rMrs2-
31&32 (5'-AAAGTTTGACAAAGAAGGAAACG-3' and 5'-
GGGGATGGAGGGCTATGTAA-3') is digested with Ael but
not in Mrs2*?/ Mrs2™ mutant rats. M: ®X174-Haelll digests.

Found at: doi:10.1371/journal pgen.1001262.5001 (1.15 MB TIF)

Figure 82 Transgenic rescue experiment. A. Expression of the
transgene in the brain of a transgenic rat. Brain cDNA from Tg-

January 2011 | Volume 7 | Issue 1 | 1001262



positive rats (Lanes 2 and 3) and Tg-negetive rats (Lanes land 4)
was used as templates. Brain RNA was treated with DNasel to
remove contaminating genomic DNA. M: ®X174 Haelll digests.
B. Histopathology of the cervical part of the spinal cord of dmy/dmy
transgene-negative rats (left) and dmy/dmy transgene-positive (right)
rats aged 10 weeks. Luxol fast blue-HE staining. Original
magnification: x100. C. Lactic acid concentration in cerebrospi-
nal fluid of 6-7-week-old dmy/dmy rats and age-matched dmy/dmy
Mrs2 cDNA-transgenic rats. Elevated lactic acid (126 * 43.7 mg/
dL) was reduced to normal level (22 = 3.1 mg/dL). **, P < 0.002.
D. Electron microphotograph of an oligodendrocyte in a dmy/dmy
transgene-positive rat. Densely packed mitochondria (arrowheads)
were found in the cytoplasm. Bar: 2um.

Found at: doi:10.1371/journal.pgen.1001262.5002 (5.52 MB TIF)

Figure S3 MRS2 expression in the CNS of Mrs2-GFP
recombinant BAC transgenic rats. MRS2 signals were mainly
found in neurons (A), and occasionally in GFAP-positive astrocytes
(B) and CNP-positive oligodendrocytes (C). Left: Bar: 50 pm.
Center, Right: Bar: 20 pm.

Found at: doi:10.1371/journal.pgen.1001262.s003 (3.15 MB T1IF)

Figure S4 MRS?2 expression in Mrs2-GFP recombinant BAC
transgenic rats. MRS2 signals were observed in the myocardium
(A), liver (B), testis (C) and skeletal muscles (D). Bar: 50 pm.
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Kyoto Rhino Rats Derived by ENU Mutagenesis

Undergo Congenital Hair Loss and Exhibit
Focal Glomerulosclerosis
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Abstract: N-ethyl-N-nitrosourea (ENU) mutagenesis is an important tool for studying gene
function and establishing human disease models. Here, we report the characterization of a
novel hairless mutant rat strain that carries a recessive mutation called Kyato rhino (kri), which
was created by ENU-mutagenesis. We produced a F344-krh strain through inbreeding without
backcrossing to F344 rats. The krh/krh rats lost their coat hair by eight weeks of age. They
also developed wrinkled skin, cystic hair canals and long curved nails by four months of age.
Markedly dilated hair follicles that contained keratin debris were observed during histological
analysis of the skin. The krh locus was mapped near the hairiess (Hr) gene on chromosome
15. Sequence analysis revealed a nonsense mutation (c. 1238 C>A, p. S413X)in the Hrgene.
The truncated HR protein was deduced to lack a zinc-fin ger domain and repression domains.
In aged Hr*®/H*" rats, focal glomerulosclerosis (FGS) was observed in which collapsed
glomeruli contained protein exudates in Bowman’s capsule. Mesangial matrices that had
proliferated in segments and foot processes that were fused in podocytes were also observed.
The Hr"HA" rats also suffered from significant proteinuria. Given its breeding history, the
F344-Hr'™ strain may harbor ENU-induced mutation(s) that underlie FGS in addition to having
the Hr" mutation. The F344-Hr"" rat is a useful model of skin disease and may provide a new
model system for the examination of the pathogenesis of FGS.

Key words: disease model, hairless, mutation, nephrosis

Introduction In mice, 43 mutations are responsible for primary

Hairless mutant rodents are valuable models for study-
ing molecular mechanisms that underlie hair growth
control. They are particularly valuable when searching
for the genetic basis of hereditary human hair disorders.

genetic hairlessness [7]. Among them, the most impor-
tant are allelic mutations of the hairless (Hr) gene. The
best characterized allele is the hairless (hr). Hr'/Hr"
mice have a striking total alopecia phenotype which ap-
pears between three and four weeks of age. The pheno-
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type originates in the periorbital region and propagates
in a wave-like fashion in the rostral-to-caudal direction
[20]. It has been determined. through comparative stud-
ies of several distinct mouse Hr mutations, that the Hr
gene product plays a key role in controlling hair follicle
transformation during the catagen phase [20]. The hair-
less phenotype of Hr-mutant mice (Hr"/Hy'™) is similar
to that of the human disease atrichia. The disease phe-
notype comprises papular lesions (APL) and alopecia
universalis congenital (ALUNC), complete hair loss
after birth. It is a result of human HR mutation |2, 4,
9].

Another important mutant Hr of the mouse is the
rhino (rh) mouse. Hr"/Hr'" mice lose all of their hair
by seven weeks of age, possess wrinkled skin and their
nails overgrow. Additionally, they develop an autoim-
mune disease characterized by hypergammaglobuline-
mia, immunoglobulin deposits in the basement mem-
brane of skin, spleen, liver, and kidney, and the presence
of antinuclear antibodies which appear in young mice
and increase with age [14].

Several rat hair loss mutations have been described.
They are for the Charles River hairless rat [1], the Iffa
Credo (IC) rat 6], the Hairless Wistar Yagi rat also
known as the HWY/SIc rat [ 13], the Dundee experimen-
tal bald rat also known as the DEBR rat [22], the Bald
rat [12], and the Hirosaki hairless rat (HHR) [17]. An
intragenic deletion in the desmoglein 4 gene underlies
the IC rat skin phenotype [6]. The absence of 80-kb of
genomic DNA that contains five basic keratin genes is
the cause of the HHR rat hairless phenotype [17].

Rat hair follicles are larger than those of mice. There-
fore hairless mutant rats are attractive models for study-
ing hair follicle development, differentiation, and cy-
cling. Rat mutants are also good models for evaluating
the effects of new drugs for treating human skin dis-
eases. Therefore, it would be beneficial to establish new
hairless rat models for these purposes.

We recently treated rats with N-ethyl-N-nitrosourea
(ENU) to obtain different mutants [16]. Several hair loss
phenotypes were identified by employing phenotype-
driven screening. A hair loss mutant line was established
by crossing mutant-type males with wild-type female
littermates. Our analysis of the breeding record of this
line can be used to prove that the hair loss phenotype is

autosomal recessive. Thus, the mutation was named
Kyoto rhino (krh).

In this study, we identified the krA mutation using a
positional candidate approach and characterized the kri/
krhrats. krh is a nonsense mutation of the rat Hr gene.
krh/krh rats develop renal failure with massive protei-
nuria and focal glomerulosclerosis (FGS).

Materials and Methods

Animals

ENU-treated F344/NSlc male rats were mated with
F344/NSlc female rats to generate G, offspring [16].
The ENU-mutagenized G, rats (n=42) were used as
founders for the phenotype-driven screening of recessive
mutations. Briefly, the G, rats were crossed with two
F344 rats to generate G, offspring. The female G, off-
spring were then backcrossed with their parental G, rats
to generate G, offspring. The recessive mutations in-
duced by ENU in the G, rats become homozygous in the
G; rats. Among the G; offspring (n=11) from a G, male
(#E2307), three rats showed a hair loss phenotype; these
rats were probands (P generation). We mated the af-
fected rats with the normal littermates to fix the hair loss
phenotype. The phenotype was fixed at the F, generation
and the mutation was called kri. A mutant line was
established by employing brother-sister mating (homozy-
gous male x heterozygous female). The generation of
inbreeding had reached Fj at the end of August, 2010.
The animal care and experimental procedures that were
used were approved by the Animal Research Committee,
Kyoto University and were carried out according to the
Regulation on Animal Experimentation at Kyoto Uni-
versity.

Genetic mapping

Twenty N, rats were produced from a (BN/SsNSlc x
F344-krh/krh)F, x F344-krh/krh backcross. The geno-
types for the krh locus were identified on the basis of
coat phenotype at four to five weeks of age. Genomic
DNA was prepared from tail biopsies using an auto-
matic DNA purification system (PI-200, Kurabo, J apan)
and genotypes for DI5Rat10, D15Rat13, and D15Rat85
were determined. Linkage relationship was evaluated
using the chi-square test of the Excel statistical package.
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Confidence intervals (P<0.05) were calculated according
to the method of a previous report [11].

RT-PCR and direct sequencing

Total RNA was isolated from the skin of five-week-old
animals using ISOGEN (NIPPON GENE, Tokyo, Japan).
RT-PCR and direct sequencing of the PCR product was
carried out as described previously [15]. Rat Hr cDNA
was amplified using the following eight primer sets: rHr-
01&02 CACCTGTGGAAGGCTGCT and ACAGGGT-
CACTCTTGGGATG: rHr-03&04 AGGGACTACGCT-
GGAAGGAA and CCCAAACGTTACCGAGAGTG;
rHr-05&06 GCAGGCAGCAGAATCTTTG and TCCT-
GTGGATGTCTCTGGTG; rHr-07&08 ACTCAAGAG-
GGCAGGCAGT and GGTGTTGAAGAGTCCGTGGT;
rHr-09&10 CTTCCATCAACAAGGGCCTA and CTG-
GGCTCTCTGTGGAGTCT; rHr-11&12 GGTCAGCA-
GAAGGAACCAAC and TTCCAGAATGCTGTGCT-
GTC: rHr-13&14 GACTTAGCCTGTGGGGAATG and
CTCCAAGGTTCCTGCTCCAG; rHr-15&16 GTCTC-
CAGGTAGCCAGACCA and GTTCCCTGCTTGTAC-
CCAAA. The PCR products overlapped each other and
spanned the entire 3,624 bp Hr coding sequence
(CDS). ‘

Morphological analysis

Dorsal and ventral skin samples were collected from
krhlkrh and krh/+ littermates at two, nine and seventeen
weeks of age. Mouse anti-cytokeratin (AE1/AE3, Dako
Japan, Tokyo, Japan) was used for immunohistochemical
analysis of the skin samples. Bound antibody was de-
tected using horseradish peroxidase conjugated anti-
mouse antibody (Histofine Simplestain MAX-PO;
Nichirei, Tokyo, Japan) and 3,3’-diaminobenzidine as a
chromogen (Vector Laboratories, Burlingame, CA,
USA). To detect lipids, frozen sections were made from
specimens that had been fixed with formalin and they
were stained with Oil red O.

Organ samples of the heart, lungs, liver, pancreas,
kidneys, spleen, lymph nodes, salivary glands, lacrimal
glands, thyroid gland, adrenal glands, small and large
intestines, and knee and foot joints, were collected from
three krh/krhrats and three F344 rats at 40 weeks of age.
They were fixed using 10% neutral buffered formalin,
embedded in paraffin, cut at 4 ym in thickness, and then

stained with hematoxylin and eosin (HE). To study
glomerular lesions, periodic acid-Schiff (PAS) or peri-
odic acid-methenamine-silver (PAM) staining was em-
ployed. Forimmunofluorescence studies, kidney samples
were frozen in 22-oxacalcitriol compound (Miles Inc.,
Elkhart, IN, USA).

Electron microscopy

Perfusion fixation through the left ventricle was con-
ducted with 4% paraformaldehyde in 0.1 M phosphate
buffer (PB). Kidneys that had been excised were stored
in 2% paraformaldehyde and 2.5% glutaraldehyde in 0.1
M PB. They were fixed with 2% osmic acid for 2 h and
embedded in epoxy resin. Ultra-thin sections were
double-stained with uranyl acetate and lead citrate and
examined using a Hitachi H-7500 electron microscope
(Hitachi, Tokyo, Japan).

Urine protein measurement

To collect urine, six male krh/krh rats and six F344/
NSlc (+/+) rats, 40 weeks of age, were caged individu-
ally in metabolic chambers after they had been orally
loaded with physiological saline at 2.5 ml/100 g body
weight. Six-hour urine samples were collected and their
volumes, and protein concentrations were determined.
Statistical differences were determined using the Mann-
Whitney U test.

Results

krhlkrh rat hair loss phenotype and skin morphology

For the krh/krh rats, hair loss first occurred around the
nose around 2 weeks after birth and extended gradually
from the anterior to the posterior of the body (Fig. 1A
and 1B). At around four months of age they had wrinkled
skin, cystic hair canals and long curved nails.

Through histopathological analysis, markedly dilated
hair follicles were observed. These cystic follicles con-
tained a lot of keratin debris (Fig. 1C), and they stained
positive for cytokeratin (Fig. 1D). The cysts were lined
by a thin layer of squamous epithelium and an easily
identifiable granular cell layer. The sebaceous glands
that surrounded the dilated cysts were hyperplastic.
Staining with Oil red O revealed that a large amount of
lipids was present in the lumen of each cyst and on the
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Fig. 1. Phenotypic and morphological characteristics of the Kyo-
to rhino rat. A: Right; a 2-week-old krh/krh rat with char-
acteristic hair loss on the snout. Left; a littermate krh/+
rat. B: Rhinocerotic appearance of a 10-week-old krh/krh
rat. C: Histopathology of 9-week-old krh/krh rat skin. HE
staining. Bar=500 gm. D: IHC of keratin of a 9-week-old
krh/krh rat. Bar=100 um. E: Oil Red O staining of a
17-week-old krh/krh rat. Bar=100 gm.

surface of the epidermis (Fig. 1E). These findings are
indicators that the krh/krh skin and hair phenotypes are
similar to those of rA at the Hr locus of the laboratory
mouse |7].

krh is an Hr nonsense mutation

Hr on Chr 15 was believed to be the best candidate
for krh and therefore the genotype of the backcross prog-
eny was determined using genetic markers for Chr 15.
We obtained 12 krh/krh and 8 krh/+ rats from the (BN/
SsNSlc x F344-krh/krh)E, x F344-krh/krh backcross. A
significant linkage relationship was observed between
krh and DI15Ratl10 (42.7 Mb) with no recombination
(x*=21.6, P<0.01), which is indicative that krh is lo-
cated <13.9 cM away from DI5Rat10 with 95% prob-
ability [11]. krh was expected to span from 28.8 Mb to
56.6 Mb of Chr 15, within which the Hr locus (50.9 Mb)
was mapped (RGSC v3 4).

Sequencing analyses of Hr cDNA obtained from krh/
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Fig. 2. Identification of the krh mutation. A: Results of

direct sequencing of Hr cDNA of wild-type and krh/
krhrats. The C-to-A nonsense mutation at position
1,238 is indicated by red arrowheads. The substitu-
tion produces a stop codon at amino acid residue
413 of protein HR. B: Schematic of the conserved
domains in rat protein HR. RDI, RD2, and RD3
are used to denote the repression domains and ZF
is used to denote the zinc-finger domain. The muta-
tion site Ser4 13Ter is noted with a red arrowhead.

krh skin samples revealed that adenine (A) had been
substituted for cytosine (C) at nucleotide position 1,238
from the start of the CDS (c. 1,238 C>A). This substitu-
tion resulted in a stop codon at amino acid 413 of the
HR protein (p. Ser413Ter) (Fig. 2A). The truncated HR
protein lacked a zinc-finger domain, a part of repression
domain (RD) 1, and all of RD2 and RD3 (Fig. 2B). We

characterized krh as an Hr nonsense mutation and called
it Hr*™.

Focal glomerulosclerosis and proteinuria in the aged
HY"HP™ rat

Histopathological examinations of organs that were
taken from Hr'"/Hr*™" rats at 40 weeks of age were per-
formed. No lesions that are associated with autoimmune
diseases were observed, however, prominent glomerular
lesions were noted in the kidneys of the HF*"/Hr"" rats.
These lesions were focal lesions that had collapsed glom-
eruli and protein exudates in Bowman capsule and the
renal tubules (Fig. 3A and 3C), and segmental prolifera-
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Fig. 3. Focal glomerular sclerotic lesions in 40-week-old H*"™/Hy*""
rat. Note that a collapsed glomerulus with protein exu-
dates in Bowman'’s capsule and protein casts in renal tu-
bules (A, C), and segmental proliferation of mesangial
matrices (B, D) were seen. In the renal medulla, protein
casts were notable in the collecting tubules (E) (arrows).
but those in a wild-type F344 rat (+/+) were limited only
to Henle’s loop (F) (arrows). A: HE; B: PAM; C-F: PAS
staining.

tion of the mesangial matrices (Fig. 3B and 3D). There
was no inflammatory cell infiltration into the glomeruli
and interstitium. In the renal medulla, protein casts were
notably present in the collecting tubules (Fig. 3E). For
the wild-type rats, protein casts were only observed in
Henle’s loop, possibly due to the effects of aging (Fig.
3F). These findings are indicators that the lesions that
were observed in the F344-Hr""/Hr'"" rat were caused by
focal glomerulosclerosis (FGS). Moreover, H"/Hy*"
rats at 40 weeks of age had proteinuria. The Hr*" ho-
mozygous rats had significantly higher urine protein con-
centrations than age-matched wild-type rats: 152 + 80.3
vs. 51.0 £ 38.5 mg/dl, (average + SD), P<0.02 (Fig. 4).
From the electron microscopic observations, the seg-
mental glomerular sclerotic lesions were characterized
as having proliferating mesangial matrices (Fig. SA).
The proliferation was associated with the dendritic pro-
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Fig. 4. Urine protein concentrations of Hr*"/EHy*"
rats and wild-type F344 (+/+) rats. The
Hr* homozygous rats had significantly
higher urine protein concentrations than
age-matched wild-type rats. Bars indicate
standard deviation. *: P<0.02.

cesses of mesangial cells and on rare occasions with
dense deposits in the mesangial regions. Foot process
fusion was often observed in these glomeruli (Fig. 5B).

Discussion

The krh mutation was identified as an Hr nonsense
mutation and therefore called Hr". Protein HR is a
nuclear receptor co-repressor for multiple nuclear recep-
tors, such as the thyroid hormone receptor and the vita-
min D receptor [23]. In the hair follicle (HF), the absence
of functioning HR proteins results in the synthesis of
premature and dysregulated catagen. This results in the
destruction of the normal HF architecture and abrogates
the HF’s ability to cycle [20]. The HA™HA™ rat has
cystic hair follicles and suffers from a premature hair
cycle (Fig. 1). The truncated HR protein that is encoded
by the Hr*" nonsense mutation is caused by a lack of
functional domains which play important roles in regu-
lating target genes [23]. Additionally, the mutation may
cause nonsense mediated mRNA decay. Therefore, it is
likely that H/*"" may be a loss-of-function mutation. In
humans, HR mutations are associated with congenital
alopecia, such as ALUNC and APL [2,4,9]. Because
rats are suitably sized for handling and manipulating |5,
21], the Hr*"/Hr*"* rat may be a useful animal model for
developing therapies for these human diseases.

The aged H*"" homozygous rat has FGS which is as-
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Fig. 5. Fine structures of glomerular lesions in the H*""/
Hr*" rat. A: Proliferative lesions of mesangial
matrices associated with significant dendritic pro-
jections from mesangial cells. Platelet aggrega-
tion was observed in a capillary loop (arrow).
Intracellular hyaline droplets were significant in
a podocyte (arrowhead). B: Foot process fusion
(arrows) and a proliferative lesion of mesangial
matrices that was not associated with dense de-
posits in mesangial regions and the glomerular
basement membrane. Bar: 2 ym.

sociated with severe proteinuria. FGS is a descriptor for
a pathological finding in the kidneys. When a nephritic
range of proteinuria is observed, patients are diagnosed
as having focal segmental glomerulosclerosis (FSGS).
FSGS is classified by morphological variants including
collapsed glomeruli, cellular proliferation, tip lesions,
and diffuse mesangial proliferation [10]. The lesions
that were observed in the F344-Hj
istic of collapsed glomeruli associated with protein exu-

h rat are character-

dates in Bowman’s capsule and may involve a collapsed
variant of FSGS. Thus, the F344-Hr"" rat may have
potential as a model of nephritic FSGS.

FGS has not been reported for the APL or ALUNC
family, and Hr-mutant mice, [2, 3, 7]. Itis believed that

FGS has a heterogeneous etiology and that it may man-
ifest through multiple genetic factors [10]. The F344-
HP"™ rats were derived by employing ENU mutagenesis.
The founder animals (G, generation) were expected to
carry no more than four ENU-induced mutations in their
CDs, if the CDS occupies 1% of the genome [16]. The
F344-Hr™ rats were mated by inbreeding without back-
crossing to F344 rats to eliminate ENU-induced muta-
tions other than the H*™ mutation. Thus, it is likely that
the F344-H7*"" rat may harbor mutation(s) that may play
a role in the pathogenesis of FGS. FGS in Hr""Hy*""
rats might be caused by unidentified mutation(s) that
were induced by ENU or the combined effects of such
mutation(s) with the Hr*"* mutation.

The Hr™/Hr™ mouse has the nonsense mutation
(R597X) 8] and develops hypergammaglobulinemia.
The excess immunoglobulins that are produced due to
this disease are deposited in the basement membranes
of the skin, spleen, liver, and kidney, and antinuclear
antibodies are produced. These symptoms appear in
young mice and increase in severity with age [14]. Al-
though the F344-Hr*™/Hr*™ rat has a nonsense mutation
(S413X), the mutation is not associated with an autoim-
mune disease or IgM, IgG, and C3 deposition in the
kidneys (data not shown). Generally, pathological phe-
notypes that are associated with this disease are often
influenced by a predisposed genetic background [18, 19].
Therefore, genes that are predisposed to causing autoim-
mune diseases in r//rh mice may be absent in F344-Hr*"
rats. By replacing the genetic background of F344-Hr*"
with those of other rat strains, we might find autoimmune
disease in HF™/Hr*" rats.

In summary, a novel rat mutant strain, F344-Hr*" was
established that carries an Hr nonsense mutation (S413X).
In addition to the hair loss phenotype, H*™ homozygous
rats suffer from proteinuria and FGS. Therefore, F344-
Hr*" may have potential as a model of skin disease as
well as nephritic FSGS.
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Mutations of the voltage-gated sodium (Nay) channel subunit SCN1A have been implicated in the
pathogenesis of human febrile seizures including generalized epilepsy with febrile seizures plus (GEFS+)
and severe myoclonic epilepsy in infancy (SMEI). Hyperthermia-induced seizure-susceptible (Hiss) rats are
the novel rat model carrying a missense mutation (N1417H) of Scn1a, which is located in the third pore-
forming region of the Na,1.1 channel. Here, we conducted behavioral and neurochemical studies to clarify the
functional relevance of the Scnla mutation in vivo and the mechanism underlying the vulnerability to
hyperthermic seizures. Hiss rats showed markedly high susceptibility to hyperthermic seizures (mainly
generalized clonic seizures) which were synchronously associated with paroxysmal epileptiform discharges.
Immunohistochemical analysis of brain Fos expression revealed that hyperthermic seizures induced a
widespread elevation of Fos-immunoreactivity in the cerebral cortices including the motor area, piriform, and
insular cortex. In the subcortical regions, hyperthermic seizures enhanced Fos expression region—specifically
in the limbic and paralimbic regions (e.g., hippocampus, amygdala, and perirhinal-entorhinal cortex) without
affecting other brain regions (e.g., basal ganglia, diencephalon, and lower brainstem), suggesting a primary
involvement of limbic system in the induction of hyperthermic seizures. In addition, Hiss rats showed a
significantly lower threshold than the control animals in inducing epileptiform discharges in response to local
stimulation of the hippocampus (hippocampal afterdischarges). Furthermore, hyperthermic seizures in Hiss
rats were significantly alleviated by the antiepileptic drugs, diazepam and sodium valproate, while phenytoin
or ethosuximide were ineffective. The present findings support the notion that Hiss rats are useful as a novel
rat model of febrile seizures and suggest that hyperexcitability of limbic neurons associated with Scnla
missense mutation plays a crucial role in the pathogenesis of febrile seizures.

© 2010 Elsevier Inc, All rights reserved.
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Introduction

Febrile seizures (FS) are the most common type of seizures in
childhood, often occurring between 6 months and 5 years of age.
Although most FS are generally benign, one-third are complex and
exhibit persistent and/or recurrent seizures {Fetveit, 2008; Scantlebury
and Heida, 2010; Shinnar, 2003). Specifically, patients of generalized
epilepsy with febrile seizures plus (GEFS+) exhibit FS in childhood
progressing to generalized epilepsy in adults and, in some cases,
accompany variable symptoms including tonic—clonic, absence, and/or

Abbreviations: ACF, artificial cerebrospinal fluid; FS, febrile seizure; GEFS+, generalized
epilepsy with febrile seizures plus; Nay, voltage-gated sodium; PBS, phosphate-buffered
saline; IR, immunoreactivity; SMEI, severe myoclonic epilepsy in infancy.

* Corresponding author. Fax: 4+ 81 72 690 1053,
E-mail address: yohno@gly.oups.ac.jp (Y. Ohno).
Available online on ScienceDirect (www.sciencedirect.com).

0969-9961/$ - see front matter © 2010 Elsevier Inc. All rights reserved.
doi:10.1016/j.nbd.2010.09.013
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myoclonic seizures (Scheffer and Berkovic, 1997). Severe myoclonic
epilepsy in infancy (SMEI) is more severe usually beginning within the
first 6 months after birth, followed by progressive worsening of seizures
associated with ataxia and mental decline (Dravet et al, 2005;
Incorpora, 2009). Although famnilial or twin studies have shown that
genetic predisposition contributes to the etiology of FS (Baulac et al.,
2004; Baulac and Baulac, 2009; Nakayama, 2009), the causative genes
and pathogenic mechanisms underlying human FS are still elusive.
Voltage-gated sodium (Nay) channels mediate the generation and
propagation of action potentials in electrically excitable cells such as
neurons and muscles. They are classified into 9 subtypes encompassing
Na,1.1 to Na,1.9 and have a common structure composed of 4 homolo-
gous domains, each of which contains voltage-sensor and pore-forming
regions. Among these subtypes, Na,1.1 channels have been implicated
in the pathogenesis of multiple types of FS (Meisler and Kearney, 2005;
Ragsdale, 2008). Specifically, more than 200 mutations in human Na, 1.1
channel o subunit SCN1A have been reported in patients with FS
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including GEFS+ and SMEI (Meisler and Kearney, 2005; Ragsdale,
2008). The 13 SCN1A mutations found in patients with GEFS+ are
known to be missense mutations, while about half of the SMEI
mutations are missense and the remaining are truncated mutations
(e.g., nonsense or frame-shift mutations) (Meisler and Kearney, 2005;
Mulley et al., 2005). In addition, recent studies have shown that
haploinsufficiency of Na,1.1 channel causes hypersusceptibility to
hyperthermic seizures and sporadic spontaneous seizure in mice,
which accompanied a marked reduction in sodium currents in inhibitory
GABAergic neurons (Yu et al, 2006; Oakley et al., 2009; Martin et al.,
2010). All these findings indicate a close relationship between the
Na, 1.1 channel function and the etiology of FS. Nonetheless, due to the
diversity of functional changes of Nay1.1 channels in patients with
FS (Meisler and Kearney, 2005; Catterall et al., 2010), the precise
mechanism and functional relevance of the SCN1A mutations underly-
ing the pathogenesis of FS remain to be clarified.

Using the gene-driven N-ethyl-N-nitrosourea mutagenesis, we
have recently generated a rat model which carries a missense
mutation (N1417H) in the third pore-forming region of Scnila
(Mashimo et al,, 2010). We designated them hyperthermia-induced
seizure-susceptible (Hiss) rats because of their high susceptibility to
hyperthermia-induced seizures. Since missense mutations in the pore-
forming region of Na,1.1 channels are frequently reported in patients
with SMEI or GEFS+ (Meisler and Kearney, 2005; also see Fig. 1), Hiss
rats may serve as a useful FS model with a genetic background similar
to that of SMEI or GEFS+. Indeed, the mutation site in Hiss rats is very
close to one (V1428A) of the GEFS+ mutations (Sugawara et al,
2001). In our previous studies (Mashimo et al.,, 2010), Hiss rats at a
very young age (1-5weeks old) exhibited a high susceptibility to
hyperthermia-induced seizures. Electrophysiological analysis of the
N1417H mutant channels or hippocampal neurons dissociated from
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Hiss rats revealed that N1417H mutation causes a hyperpolarized shift
in the voltage dependency of Na, 1.1 channel inactivation and a slight
increase in persistent leak current. In addition, hippocampal bipolar
neurons (i.e., GABAergic interneurons) exhibited a significant decrease
in spike amplitude, indicating reduced function of Na,1.1 channels.
These changes in Na,1.1 functions were specifically observed in the
biplolar neurons but not in the pyramidal neurons (Mashimo et al,,
2010). Thus, our findings suggest that the Scnla missense mutation
impairs functions of the hippocampal GABAergic neurons to confer
FS susceptibility. Nonetheless, the functional relevance of the Scnla
missense mutation in vivo and its mechanism underlying the
vulnerability of animals to hyperthermic seizures remain to be
determined.

In the present study, therefore, we further conducted behavioral
and neurochemical studies to clarify pathophysiological mechanisms
underlying the seizure vulnerability in Hiss rats. In addition, responses
of hyperthermic seizures in Hiss rats to antiepileptic drugs were also
evaluated to assess their clinical relevance as a human FS model. The
present results show that the N1417H mutation of Scnla markedly
enhances the excitability of the corticolimbic neural circuit and the
limbic vulnerability to hyperthermic seizures. Hiss rats seem to be a
useful rat model for understanding the etiology of FS and also for
searching new drugs to treat FS.

Materials and methods
Animals
Hiss rats (F344-Scn1a"¥°811/Kv0811) were obtained from the National

BioResource Project for the Rat (NBRPR#0455) in Japan. As reported
previously (Mashimo et al, 2010), Hiss rats carry homozygous

Fig. 1. Hyperthermic seizures and EEG in Hiss rats. (A) Structure of Scn1a and location of the missense mutation N1417H in Hiss rats. Scn1a consists of 4 homologous domains (D1-D4),
each of which contains voltage-sensor and pore-forming regions. As a reference, missense mutation sites reported in GEFS+ and SMEI are also shown (Meisler and Kearney, 2005).
(B) Photos illustrating induction of hyperthermic seizures and simultaneously monitored EEG in Hiss rats. Hiss rats were immerged in a hot water bath (HWB: 45 °C) for a maximum of
5 min or until a seizure occurred. Cortical EEG was simultaneously monitored under freely-moving conditions. All Hiss rats mainly developed clonic seizures (barely tonic-clonic seizures),
which usually repeated even after HWB. (C) Typical paroxysmal discharges in Hiss rats. Solid lines ( 1st~4th) under EEG chart indicate the period of clonic seizures. Calibration: upper panel,

100 1V and 2 sec; lower panel, 100 uV and 1 sec.
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Scn1a®ve8/Kvo8IIT glleles, where Scnla gene has a missense mutation

N1417H in the third pore-forming region of Na,1.1 channels (Fig. 1).
Hiss rats were backcrossed more than 5 generations against F344/NSlc
inbred background to eliminate mutations in chromosomal regions
other than the Scnia locus. F344/NSlc (F344) rats were used as control
animals. The animals were kept and bred at the Institute of Laboratory
of Animals, Graduate School of Medicine, Kyoto University in air-
conditioned rooms (24+2°C and 50%+10% relative humidity)
under a 14-h light/10-h dark cycle (lights on: 7:00 a.m.). The housing
conditions and the animal care methods complied with the Guidelines
for Animal Experiments of Kyoto University. The experimental
protocols of this study were also approved by the Experimental
Animal Research Committee at Osaka University of Pharmaceutical
Sciences.

Hyperthermic seizure induction and EEG recording

Male juvenile Hiss or F344 rats (4 weeks old) were used. To implant
EEG recording electrodes, animals were anesthetized with pentobarbital
(40 mg/kg, i.p.) and fixed in a stereotaxic instrument (David Kopf
Instruments, CA, USA). Small holes were made in the skull, and silver
ball electrodes were placed on the surface of the right or left frontal
and occipital cortex. A reference electrode was placed on the frontal
cranium. The electrodes were then connected to a miniature plug and
fixed to the skull with dental cement. After a 1-week recovery period,
animals with chronically implanted electrodes were subjected to the
following experiments.

Hyperthermic seizures were evoked by immersing the animals in
a hot water bath as published previously (Mashimo et al, 2010).
Briefly, the animals were placed in a temperature-controlled water bath
(30 cm x 60 cmx 60 cm) containing about 15 cm depth 45 °C water for
a maximum of 5 min or until a seizure occurred. Under freely moving
conditions, cortical EEG was recorded simultaneously with behavioral
observation using an amplifier (MEG-6108; Nihon Kohden) and a
thermal alley recorder (RTA-1100; Nihon Kohden, Tokyo, Japan). The
recorded signals were stored in a computer (PowerLab ML845; AD
Instruments Japan, Nagoya, Japan) for later analysis.

Forebrain Fos expression following hyperthermic seizures

Male juvenile Hiss or F344 rats (4 weeks old) were subjected to the
hyperthermic seizure experiments in the same manner as described
previously. Two hours after the hyperthermic seizure or the end
(5min) of bathing, the animals were deeply anesthetized with
pentobarbital (80 mg/kg, i.p.), transcardially perfused with ice-cold
phosphate-buffered saline (PBS) and then with 4% formaldehyde
solution. The brains were removed from the skull and placed in fresh
fixative for at least 24 hours. After postfixation, coronal sections
(30 pm thickness) were cut from each brain using a Microslicer (DSK-
3000, Dosaka, Kyoto Japan).

The staining of Fos-immunoreactivity (IR) was performed by a
method published previously (Ohno et al., 2009). Briefly, slices were
washed with PBS containing 0.3% Triton X-100, and incubated for
2 hours in the presence of 2% normal rabbit serum, and then again in
the presence of 2% normal rabbit serum and goat c-Fos antiserum
(Santa Cruz Biotechnology Inc., Santa Cruz, CA) for an additional 18-
36 hours. After washing with PBS, the sections were incubated with a
biotinylated rabbit anti-goat IgG secondary antibody (Vector Labo-
ratories, Burlingame, CA) for 2 hours. The sections were then
incubated with PBS containing 0.3% hydrogen peroxide for 30 min
to inactivate the endogenous peroxidase. Thereafter, the sections
were washed with PBS and incubated for 2 hours with avidin-
biotinylated horseradish peroxidase complex (Vectastain ABC Kit).
Fos-IR was visualized by the diaminobenzidine-nickel staining
method.
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Fos expression was quantified by counting the number of Fos-IR-
positive nuclei in the following regions (Paxinos and Watson, 2007):
1) the cerebral cortices = the medial prefrontal cortex (mPFC), motor
cortex (MC), sensory cortex (SC), agranular insular cortex (AIC),
piriform cortex (Pir), auditory cortex (AuC); 2) the limbic/paralimbic
areas =CA1, CA3, and dentate gyrus (DG) of the hippocampus,
basomedial amygdaloid nucleus (BMA), perirhinal-entorhinal cortex
(PRh-Ent), cingulated cortex (CgC), lateral septal nucleus (LS), core
(AcC), and shell (AcS) parts of the nucleus accumbens; 3) the basal
ganglia = dorsolateral (dIST) and dorsomedial (dmST) striatum and
globus pallidus (GP); 4) the diencephalon = paratenial (PT), ante-
romedial (AM), centromedial (CM) and ventromedial (VM) thalamus,
lateral habenula (LHb), anterior (AH), posterior (PH), and dorsome-
dial (DMH) hypothalamus; 5) the lower brainstem = locus coeruleus
(LC), central gray (CG), pontine reticular nucleus (PnR), gigantocel-
lular reticular nucleus (GiR), and inferior olivary nucleus (10). The
number of Fos-IR-positive nuclei was counted within a 350 x 350 pm?
grid laid over each of the above brain regions by observers who were
blinded regarding the seizure incidence.

Hippocampal afterdischarges

Male Hiss or F344 rats (8-10 weeks old) were used. Under pento-
barbital (40 mg/kg, i.p.) anesthesia, animals were chronically
implanted with electrodes as described previously. Namely, a silver
ball electrode was placed on the surface of the right frontal cortex
and a stainless-steel bipolar electrode was inserted to the ipsilateral
hippocampus (P: 3.8, L: 2.0, H: —2.2 mm from the cortical surface) for
EEG recording. A bipolar stimulation electrode was also inserted to a
position 0.5 mm anterior to the recording site for local stimulation of
the hippocampus. All electrodes including a reference electrode were
then connected to a miniature plug and fixed to the skull.

After a 1-week recovery period, animals were subjected to the
assessment of the stimulus threshold for hippocampal afterdischarges.
Briefly, hippocampal and cortical EEG were recorded under freely
moving conditions. Local stimulation consisting of square pulses
(duration: 100 psec, frequency: 20 Hz) was then applied to the
hippocampus for 5sec with increasing intensity by 25pA a step,
and the stimulus threshold for induction of the hippocampal after-
discharges was measured.

Evaluation of the effects of antiepileptic drugs

Juvenile Hiss rats of either sex (4 weeks old) were used. Animals
were given either antiepileptic drug as follows; diazepam (0.5 and
1 mg/kg, i.p.), sodium valproate (100-300 mg/kg, i.p.), ethosuximide
(100 mg/kg, ip.) and phenytoin (20 and 40 mg/kg, ip.). Thirty
minutes after the drug treatment, animals were subjected to the
hyperthermic seizure experiments as described previously. The
number of seizure incidences, total duration of seizures (i.e., sum
of the duration of each seizure), and latency for the first seizure
induction were compared with those of the control values with the
vehicle alone. In a separate series of experiments, the effects of
antiepileptics on the body (rectal) temperature of Hiss rats were also
examined. For these studies, animals were given the above doses of
the antiepileptic drugs and, 30 min later, the rectal temperature was
measured.

Drugs

The drugs used in this study were as follows: sodium valproate,
ethosuximide and phenytoin (Sigma-Aldrich), and diazepam
(Cercine®, Takeda Pharmaceuticals Co., Ltd., Osaka, Japan). Diaze-
pam, sodium valproate, and ethosuximide were dissolved and/or
diluted with physiological saline. Phenytoin was first dissolved in a
small amount of 0.5N NaOH and then diluted with saline. The
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Vectastain ABC kit and DAB substrate were purchased from Vector
Laboratories (CA, USA). All other reagents were obtained from
commercial sources.

Statistical analysis

Data are expressed as the mean & SEM. The statistical significance
of differences in the number of Fos-IR-positive cells, the threshold
level of hippocampal afterdischarges, the number and latency of spike
generation in the hippocampal CA1 neurons, and the effects of
antiepileptic drugs between two groups (Hiss and F344 rats) was
determined by the Student's t-test. Comparisons of the parameters
among multiple groups were analyzed by one-way ANOVA and
Tukey's post-hoc multiple comparison test.
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Results
Hyperthermic seizures in Hiss rats

We have previously demonstrated that Hiss rats show much
higher susceptibility than F344 rats to seizures induced by stimulation
of hot water (45 °C) bathing, with a significantly lower body (rectal)
temperature (Mashimo et al., 2010). In this study, we measured EEG
epileptiform discharges during hyperthermic seizures and quantified
the latency for seizure induction, number of seizures, duration of each
seizure and total duration of all seizures. Juvenile Hiss or F344 rats,
which were chronically implanted with EEG electrodes, were placed
in a 45 °C hot water bath for 5 min (Fig. 1). Under these conditions,
none of F344 rats exhibited any seizures or abnormal behaviors
during 5 min of bathing. However, all Hiss rats (N=5) examined
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Fig. 2. Fos expression analysis following hyperthermic seizures. (A) Schematicillustrations of the brain sections selected for quantitative analysis of Fos-IR-positive cells. An anteroposterior
coordinate (distance from the bregma) is shown on the bottom of each brain section. Open squares in each section indicate the sample areas analyzed; mPFC: the medial prefrontal cortex,
MC: motor cortex, SC: sensory cortex, AIC: agranular insular cortex, PirC: piriform cortex, AcCand AcS: core and shell regions of the nucleus accumbens, respectively, CgC: cingulated cortex,
LS: lateral septum, dIST and dmST: dorsolateral and dorsomedial striatum, respectively, GP: globus pallidus, PT, AM, CM, and VM: paratenial, anteromedial, centromedial, and ventromedial
thalamus, respectively, LHb: lateral habenula, AH, PH, and DMH: anterior, posterior and dorsomedial hypothalamus, respectively, PRh-Ent: perirhinal-entorhinal cortex, AuC: auditory
cortex, DG: dentate gyrus of the hippocampus, BMA: basomedial amygdaloid nucleus, LC: locus coeruleus, CG: central gray, PnR: pontine reticular nucleus, GiR: gigantocellular reticular
nucleus, IO: inferior olivary nucleus. (B) Representative photographs illustrating the Fos-IR-positive cells in the MC, PirC, CA3 of the hippocampus and BMA in Hiss and F344 rats. Scale bar:

100 pm.
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