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ABSTRACT

Multiple sclerosis (MS) and its animal model, myelin oligodendrocyte glycoprotein-induced experimen-
tal autoimmune encephalomyelitis (MOG-EAE), share a complex genetic predisposition with contributions
from the major histocompatibility complex class II genes and many other genes. Linkage mapping in F,
crosses between the susceptible DA rat strain and the resistant ACI or BN rat strains in various models of
autoimmune neuroinflammation have repeatedly displayed suggestive linkage to a region on rat chromo-
some 15. A direct study of this region was undertaken in congenic strains by transferring resistant ACI
alleles to the susceptible DA background. Phenotypic analysis demonstrated lower maximal and cumulative
EAE scores in the DA.ACI-DI15Rat6-D15Rat71 (C15), DA.ACI-D15Rat6-D15Rat48, D15Rat126-D15Rat71
(C15R3b), and DA.ACI-DI5Rat23-D15rat71 (C15R4) strains compared to the parental DA rat strain.
Linkage analysis was then performed in a (DA X PVG.AV1)F; advanced intercross line, resulting in a LOD
score of 4.7 for the maximal EAE score phenotype at the peak marker D15Rat71 and a confidence interval
of 13 Mb, overlapping with the congenic fragment defined by the C15R3b and the C15R4 strains. Thus,
a new MOG-EAE locus with the designation FEael9 is identified on rat chromosome 15. There are 32
confirmed or predicted genes in the confidence interval, including immune-responsive gene 1 and neu-
ronal ceroid lipofuscinose gene 5. Definition of loci such as Eael 9enables the characterization of genetically

regulated, evolutionary conserved disease pathways in complex neuroinflammatory diseases.

ULTIPLE sclerosis (MS) is a chronic inflamma-

tory demyelinating disease that affects the central
nervous system. Susceptibility to MS is based on interac-
tions among several genes and influences by, largely
unknown, nongenetic factors (EBERs et al. 1986, 1995;
SADOVNICK et al. 1993, 1996; EBERS 1996). The major
histocompatibility complex (MHC) has been known to
regulate MS since 1972 (JERSILD el al. 1973; EBERS et
al. 1986; OLERUP and HiLLERT 1991). So far, very few
individual non-MHC genes regulating MS have been
identified by whole-genome scans or association studies
due to the heterogeneity, polygeneity, and environmen-
tal influences in MS (EBERS et al. 1996; HAINES et al.
1996, 2002; SAWCER et al. 1996; KUOKKANEN et al. 1997,
CHATAWAY et al. 1998; BRoaDLEY 2001; CoraDDU 2001;
AKESSON et al. 2002; BAN et al. 2002). Animal models of
MS, such as experimental autoimmune encephalomyeli-
tis (EAE), can circumvent these problems by minimizing
the heterogeneity and controlling the environmental
conditions (LUCCHINETTI et al. 1996; LASSMANN el al.
2001). Unbiased identification of genes controlling au-
toimmune neuroinflammation is important, since such
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genes represent evolutionarily conserved disease path-
ways that are prime candidates for therapeutic interven-
tions. A major problem for other approaches in MS,
such as studying selected candidate regulatory mole-
cules and cellular subsets, is to determine if the observed
deviation is a cause or consequence of disease and if the
pathway is involved in disease progression or protection.

EAE induced with myelin oligodendrocyte glycopro-
tein (MOG) in certain rat strains shares features of MS
such as a relapsing/remitting disease course and a
prominent demyelination (ADELMANN et al. 1995; JoHNS
et al. 1995). The formation of demyelinated lesions in
MOG-EAE depends on both T cells and anti-MOG anti-
bodies (LININGTON et al. 1988). MHC class II genes and
multiple other genes influence this response (WEISSERT
et al. 1998b; DAHLMAN et al. 1999b; JaAGoDIC et al. 2001).
An autoimmune response against MOG in MS patients
suggests that MOG plays an important role also in the
pathogenesis of MS (SuN et al. 1991; DE RosBo et al.
1993; WALLSTROM ¢t al. 1998). Thus, MOG-EAE is a
relevant model to utilize in studies of mechanisms un-
derlying the development of autoimmune neuroin-
flammation. The dark Agouti (DA) rat strain is suscepti-
ble to MOG-EAE, while the PVG.AV1 and the ACI strains
are relatively resistant (WEISSERT et al. 1998b). The DA,
PVG.AV1, and ACI rat strains all share the MHC haplo-
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type RT1.AV1 (HepricH 1990). This allows the establish-
ment of intercrosses and congenic strains specifically
aimed at identifying non-MHC loci regulating MOG-EAE.
Previous studies of MOG-EAE, whole-spinal-cord-
induced EAE, and experimental autoimmune neuritis
(EAN) have found a suggestive linkage (LANDER and
KRUGLYAK 1995) to a region on rat chromosome 15. In
MOG-EAE and EAN, the suggestive linkage was ob-
served in (DA X ACI)F, rats subjected to genome scans
with microsatellite markers (DAHLMAN et al. 1999b, 2001).
In spinal-cord-induced EAE, a suggestive linkage was
observed in (DA X BN)F, rats (DAHLMAN et al. 1999a).
To determine if the rat chromosome 15 region indeed
is important for the development of MOG-EAE, we
transferred this region from the EAE-resistant ACI to
the susceptible DA background with a speed congenic
approach (WAKELAND et al. 1997). Linkage mapping
was then performed in a (DA X PVG.AV1)F; advanced
intercross line (AIL) (DARvAsI and SOLLER 1995, 1997;
Jacopic et al. 2004). An AlL is created by random in-
tercross breeding of two inbred strains for several gener-
ations, resulting in genetically unique individuals with
a mixture of founder chromosomal fragments. Theoret-
ically, an AIL gives at least a ¢/2-fold reduction in the
confidence interval compared to an F, cross, given that
t, where tis the number of generations, is large enough
(DARrvasI and SoLLER 1997; X10NG and Guo 1997). We
combine the congenic strain and the AIL analysis to
define a new MOG-EAE locus designated Eael 9.

MATERIALS AND METHODS

Parental rat strains and basic conditions: DA rats were origi-
nally obtained from the Zentralinstitut for Versuchstierzucht
(Hans Hedrich, Hannover, Germany) and A X C 9935 Irish
(ACI) rats were from Harlan Sprague Dawley (Indianapolis).
MHC-congenic (RT1.AV1) Piebald-Viral-Glaxo (PVG) rats,
PVG.AVI (also previously referred to as PVG-RT1%), were ob-
tained from Harlan UK (Blackthorn, UK). All the rats were
locally bred in the animal facility at the Center for Molecular
Medicine, Karolinska Institutet. Eight- to 15-week-old male
and female rats were used in the six experiments with congenic
rats. Rats were routinely tested for specific pathogens ac-
cording to a health-monitoring program for rats at the Na-
tional Veterinary Institute in Uppsala, Sweden. They were kept
in a 12-hr light/12-hr dark cycle and housed in polystyrene
cages containing aspen wood shavings, with free access to
water and autoclaved standard rodent chow. The local ethical
committee approved the experiments.

Breeding of the chromosome 15 congenic strains and the
advanced intercross line: Speed congenics were generated with
a marker-assisted selection technique, mainly as described by
WAKELAND ¢t al. (1997). An ~25-cM fragment of ACI alleles
from the D15Rat6 marker to the D15Rat71 marker was trans-
ferred to the DA rat background. Initially, (DA X ACI)F, rats
were backcrossed to DA rats. From the N, generation, the rats
were genotyped with 70 microsatellite markers outside the
congenic region, with a mean distance between markers of
20 cM. One male rat from each generation, having the least
amount of remaining donor (ACI) alleles in the genome,
was selected for further breeding and mated with several DA
female rats. In the Ny generation, all 70 background markers
were fixed as DA homozygous. One further backcross was

performed and heterozygous rats for the chromosome 15 re-
gion were subsequently intercrossed to produce the congenic
strain DA.ACI-DI15Rat6-D15Rat71 (N-F,). From the first in-
tercross, offspring rats were genotyped with eight microsatel-
lite markers within the congenic region to detect intraregional
recombinations. We selected the fulllength congenic strain
DA.ACI-DI15Rat6-D15Rat71 (C15) and the recombinant con-
genic strains DA.ACI-DI5Rat6-D15rat13 (C15R1), and DA.ACI-
DI5Rat6-D15Rat48 (C15R3), and DA.ACI-DI5Rat23-D15rat71
(C15R4) for experiments. After the fifth experiment we regeno-
typed the rats and found that some C15R3 rats shared a region
with the C15R4 from D15Rat126 to D15Rat71, so we separated
the C15R3 into DA.ACI-DI5Rat6-D15Rat48 (C15R3a) and
DA.ACI-DI5Rat6-D15rai48, DI5Rat126-D15Rat71 (C15R3b) ac-
cording to the genotyping results.

The advanced intercross line originated from the DA and
the PVG.AV1 rat strains that share the RT1.AV1 MHC haplo-
type, thus allowing identification of non-MHC genes. One
important reason for choosing the DA X PVG strain combina-
tion was to permit dense genotyping, since these strains display
a high rate of polymorphic microsatellite markers: ~60%
(compared to ~10% for the DA X ACI strain combination)
according to the Whitehead Institute (http:/www-genome.
wi.mit.edu/rat/public/). The breeding scheme for the (DA X
PVG.AV1) AIL has previously been reported (JaGopic et al.
2004). Briefly, to create the F; generation, breeding pairs
with DA female founders and PVG.AV1 female founders were
established. The F, generation was produced from seven cou-
ples each of F; rats with DA and PVG.AV1 as female founders,
respectively. The F; generation originated from 50 breeding
couples with both types of female founders. Random breeding
of 50 males and females, consistently avoiding brother-sister
mating, produced the subsequent generations. Three F; litters
were produced from the 50 F; breeding couples for the MOG-
EAE experiments.

Induction and clinical assessment of MOG-EAE: The rats
were anesthetized with sevoflurane and immunized intrader-
mally in the tail base. Each rat received 200-pl inoculums
containing 100 pl recombinant rat MOG (rMOG; aa 1-125)
in saline emulsified in 100 pl incomplete Freund’s adjuvans
(Sigma-Aldrich, St. Louis). The dose of rMOG (aa 1-125) was
selected upon titration in the susceptible parental DA rats. In
the congenic strain experiments, the dose was 13, 20, or 65
wg/rat, depending on the batch of rMOG, and 40 pg/rat for
the AIL animals. Animals were weighed and clinical signs of
disease were evaluated from day 7 to day 33-40 postimmuniza-
tion (p.i.). The clinical signs were scored as follows: 1, tail
weakness or tail paralysis; 2, hind leg paraparesis (gait distur-
bance) or hemiparesis; 3, hind leg paraparalysis or hemipara-
lysis; 4, tetraparalysis, urinary, and/or fecal incontinence. A
relapsing/remitting disease course was defined as an improve-
ment in the disease score either from 3 or 4 to 1 or from 2,
3, or 4 to 0, which was maintained for at least 2 consecutive
days and followed by an increase in the clinical score of at
least 2 points that lasted for at least 2 days.

Genotyping: A total of 152 clinically affected rats and 162
randomly selected unaffected rats in the (DA X PVG.AV1)F;
AIL were genotyped. Affected animals were selected on the
basis of displaying unambiguous signs of the disease (mini-
mum score 1 for >2 days accompanied with weight loss). Rats
in the unaffected group did not display any signs of disease,
including a steady increase in weight (JAGoDpic et al. 2004).
DNA was extracted from the tail tip according to a standard
protocol (LAIRD et al. 1991). The region analyzed in the AIL
included the region defined in the full-length congenic C15
strain (Figure 1). This 25-cM (~53 Mb) large region, ex-
tending from D15Rat6 to D15Rat71, was first genotyped with
15 microsatellite markers, and then another region from
D15Rat71 to D15Ratl03 (~15 Mb) near the telomere was
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F1cure 1.—A schematic of the distal part of rat chromosome
15, aligned with the intervals defined in the congenic strains.
The full-length congenic strain DA.ACI-DI5Rat6-D15Rat71
(C15) and the recombinant congenic strains DA.ACI-D15rat
6-D15rat13 (C15R1), DA ACI-DI5Rat6-D15Rat48 (C15R3a),
DA.ACI-D15Rat6-D15vat48, D15Rat126-D15Rat71 (C15R3b),
and DA ACI-DI15Rat23-D15rat71 (C15R4) are depicted. The
thin vertical line represents rat chromosome 15 along with
microsatellite markers placed according to positions in mega-
bases derived from the rat genome sequence (http:/www.
nsembl.org/Rattus_norvegicus/). Markers not mapped to as-
sembly in the current Ensembl database are marked “n.m.”
and positioned according to the SHRSP X BN version 7 link-
age map (http:/rgd.mcw.edu/). The thick black vertical lines
represent different ACI rat intervals transferred to the DA rat
background and the dashed lines represent the interval within
which recombination has occurred. The open vertical line
represents DA rat background genes.

mapped with four additional microsatellite markers (Figure
4). The microsatellite markers were obtained from Proligo
France SAS (Paris). Polymerase chain reaction (PCR) amplifi-
cation was performed as previously described with [y-*P]ATP
end labeling of the forward primer (Jacos et al. 1995). The
PCR products were size fractionated on 6% polyacrylamide
gels and visualized by autoradiography. All genotypes were
evaluated manually and double checked.

Statistical analysis: Differences in binominal traits (inci-
dence, relapsing/remitting disease, mortality) were tested
with the Fisher’s exact test. Differences in the maximal score,
the cumulative scores, and onset day were tested with the
Wilcoxon two-sample test after normalization of the six sepa-
rate experiments. Normalization was performed by subtracting
the mean maximal or cumulative EAE score for the particular
experiment from each individual rat’s corresponding score
and then the sum was divided with the standard deviation for
the particular experiment. This allowed all experiments to be
analyzed together, despite the variation in the severity of dis-
ease in the parental DA rat strain. The JMP 5.1 software (SAS
Institute, Cary, NC) was utilized for the analysis above. Linkage
analysis in the AIL was performed with the R/qtl software
(BROMAN et al. 2003). Permutation tests in the R/qtl software
were used to determine the significance levels (CHURCHILL
and DOERGE 1994). The LOD levels for significant linkage
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FiGure 2.—Combined analysis of the clinical MOG-EAE
phenotypes in six separate experiments encompassing the DA
(n="72), C15 (n = 49), C15R1 (n = 23), C15R3a (n = 9),
C15R3b (n = 14), and C15R4 (n = 17) strains. Maximum
EAE score, cumulative EAE score, and onset day were tested
with the Wilcoxon two-sample test after normalization; *P <
0.05, #*P < 0.01, and ***P < 0.001. Pairwise comparisons
were made with the congenic strains and the DA strain. Mean
values and SEM for disease onset day after immunization were
calculated only for affected rats.

generated with 5000 permutations were 2.3 for the incidence
of EAE, 2.0 for the day of onset, 2.9 for the maximum EAE
score, and 2.2 for the cumulative EAE score. The confidence
interval was defined as a drop of 1 in the LOD score (LANDER
and BoTsTEIN 1989).

RESULTS

A reduced MOG-EAE severity in the C15, C15R3b,
and C15R4 strains: Figure 2 gives the mean maximal
cumulative score and onset day of the EAE in DA rats
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FiGUure 3.—The clinical course of tMOG
(aa 1-125)-induced EAE in selected strains
and experiments. (a) Experiment 3: a mild
disease course in DA rats (n = 11) and almost
complete protection in C15 rats (n = 8). (b)
Experiment 5: a severe disease in DA rats
(n = 16) and reduced disease severity in
C15R3b (n = b) and C15R4 (n = 9) rats.
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and in congenic C15 and recombinant congenic C15R1,
C15R3a, C15R3b, and C15R4 rats pooled from six sepa-
rate experiments after the normalization. DA, C15R1,
and C15R3a rats developed EAE with a high maximal
and cumulative EAE score while the C15, C15R3b, and
C15R4 rats had less severe MOG-EAE, with lower maximal
and cumulative EAE scores (P << 0.05-0.001); C15R3b rats
had late onset of disease compared to DA rats (P <
0.05). The disease incidence, the numbers of rats dis-
playing a relapsing/remitting disease, or a lethal EAE
were not significantly different in any of the congenic
strains compared to the DA strain (data not shown).
However, the power of this analysis was reduced due to
the variable expression of EAE in the DA strain, as
depicted in Figure 3. In experiment 3 (Figure 3a), there
were only mild signs of disease in the DA rats and almost
no disease signs in the C15 rats. The disease signs in
the DA rats were much more severe in experiment 5,
while the R3b and R4 displayed a reduced disease sever-
ity (Figure 3b). The overall disease severity was interme-
diate in experiment 1, mild in experiment 2, and severe
in experiments 4 and 6 (data not shown).

Eael9 delineated by linkage mapping in a (DA X
PVG.AV1) AIL: A total of 1068 MOG-immunized (DA X

0 R Rtk H T
8 9 10111213 14 1516 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33

PVG.AV1)F; rats were monitored 31 days p.i. for clinical
signs of EAE. Unambiguous signs of EAE were recorded
in 14.8% (158/1068) of the rats. A detailed account of
the EAE disease outcome in the F,(DA X PVG.AV1)
AIL rats has been published (Jacopic et al. 2004). All
available EAE-affected rats were selected for genotyping
(n = 152). Randomly selected healthy rats, displaying
no signs of EAE and no weight loss, were genotyped in
parallel (n = 162). The DA X PVG.AV1 strain combina-
tion provided a substantially higher degree of polymor-
phic microsatellite markers than the DA X ACI combi-
nation did, as expected. Linkage analysis resolved the C15
region into a significant locus, named FEael 9 (http:/ratmap.
org/), displaying linkage to several EAE phenotypes.
Interestingly, the disease incidence and the day of onset
was linked to Eael9, indicating that the EAE regulatory
effect is not limited to the disease severity, as suggested
by the analysis of the congenic strains. The LOD score
curves for the different EAE phenotypes are presented
in Figure 4. The confidence interval, defined as a drop
of 1 in the LOD score, comprises an ~13-Mb region
(D15Mgh4-D15Rat102). The DA allele at the peak
marker (D15Rat71) is disease enhancing in an additive
fashion. Sequence alignments and map comparisons
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F1cure 4.—Log-likelihood plot of Eael9, identified in the
(DA X PVG.AV1)F; AIL. Eael9 displayed significant linkage
to all clinical EAE phenotypes: EAE incidence and day of onset
and maximum and cumulative EAE scores. The markers in
the region are listed on the xaxis (R, D15Rat; M, D15Mgh;
G, D15Got. Eael9 is 13 Mb and contains 32 confirmed or
predicted genes according to the rat physical map retrieved
from http:/www.ensembl.org.

revealed that Eael 9is syntenic to human 13q22.1-q31.2
(Table 1).

DISCUSSION

The definition of Eael 9in two different strain combina-
tions (DA X ACI and DA X PVG.AV1) strengthens the
importance of this locus. Further mapping of genes may
also be facilitated by comparisons of genetic polymor-
phisms among the three different strains, especially
since the low polymorphism rate between the DA and
the ACI strain may decrease substantially the number
of relevant genetic polymorphisms. However, at this
stage it is impossible to rule out that Eael9is composed

of several genes and/or genes that differ between the
different strains (MoOREL et al. 2001; BEcANOVIC et al.
2004). Definition of subcongenic strains from the
C15R4 strain will be performed to further reduce the
size of the congenic fragment contributing to relative
disease protection. Positional cloning will then be
needed to define the exact genes responsible for the
EAE-regulating effect of Eael9. Successful positional
cloning through the definition of smaller and smaller
congenic fragments has recently been demonstrated in
rat experimental arthritis (OLOFSSON et al. 2003).

A possible problem with gene mapping in congenic
strains is the presence of contaminating fragments of
DNA from the donor strain, contributing to differences
in the disease phenotype between the congenic strains
and the parental strains that wrongly would be interpre-
ted as genetically localized to the congenic fragment.
The speed congenic strategy applied in the present
study is a way to improve the control of contaminating
fragments as well as to speed up the process of generat-
ing congenic strains. Mapping of the disease expression
in recombinant congenic strains is another way to rule
out significant contributions from genes outside the
investigated congenic fragment. The lack of clinical ef-
fects in the C15R1 and C15R3a congenic strains strongly
argues against any significant contributions from con-
taminating ACI DNA fragments outside FEael9, since
those strains are expected to share possible contaminat-
ing fragments with the C15R3b and the C15R4 strains.
Another issue in the analysis of EAE QTL is the stability
of the models and the observed genetic effects. In the
present study, there were clear differences in the six
different experiments regarding disease severity in the
parental DA rat strain (Figure 3, a and b) as well as a
variable difference between the full-length C15 and the
DA strain. Differences in the disease expression in pa-
rental/control strains are possible to minimize by
applying strict protocols for immunization and environ-
mental monitoring, but in practice it is very difficult to
obtain completely stable conditions in EAE. It may also
be argued that repeating experiments with different

TABLE 1
Position and LOD scores for Eael9 in the (DA X PVG.AV1)F; advanced intercross line

LOD score*
Syntenic
QTL Inc Ons Max Cum  Peak marker Marker interval CI’ (MDb) human region®
Eael9 2.9 3.2 4.7 3.2 D15Rat71 D15Mgh4-D15Rat102 13 13q22.1-q31.2

“LOD scores and thresholds for significance based on 5000 permutations were generated with R/qtl. Signifi-
cance threshold: 2.3 for Inc (Incidence of EAE); 2.0 for Ons (day of onset), 2.9 for Max (Maximum EAE

score) and 2.2 for Cum (Cumulative EAE score).

" Confidence intervals (CI) defined as a drop of 1 in the LOD score and the closest corresponding microsatel-

lite markers are reported.

“Synteny data derived from http:/www.ensembl.org/.
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disease severity maximizes the possibility to detect weak
genetic effects. Itis highly likely that most genetic effects
in MOG-EAE (and MS) are relatively weak and/or pres-
ent only in certain disease subphenotypes (MOREL el al.
2000). This may help to explain the relative lack of
progress in QTL mapping in EAE since the first whole-
genome scan was published in 1995 (SUNDVALL et al.
1995).

Linkage mapping in the (DA X PVG.AV1)F; AlL local-
ized Eael9 within a 13-Mb confidence interval, which
overlaps with the congenic fragment defined by C15R4.
The linkage analysis in the AIL both increased the LOD
score and decreased the confidence interval of Eael9
compared to previous F, analysis. This region contains
only 32 confirmed and predicted genes, including genes
such as immune-responsive gene 1 and neuronal ceroid
lipofuscinose gene 5. A current list of genes mapped to
the interval can be retrieved at http: /www.ensembl.org.
There were few obvious candidate genes, which may be
explained by the presence of yet-unmapped genes, by
the presence of regulatory elements altering the expres-
sion of genes mapping outside Eael9, or by complex
interactions. Eael9 also overlaps with adjuvantinduced
arthritis QTL 4 (Aia4) (KawaHITO ef al. 1998), serum
cholesterol level QTL 1 (KaTo et al. 2000), blood pressure
QTL cluster 12 (StoLL et al. 2000), and gastric cancer
susceptibility QTL 1 (UsHIjIMA e al. 2000). Aia4 may be
the most interesting of these QTL, since we previously
demonstrated EAE regulatory effects in rat strains con-
genic for arthritistegulating QTL (BEcANOVIC el al.
2003). It is highly likely that some genetically regulated
disease mechanisms are shared between arthritis and
EAE (BECKER et al. 1998). Given the emerging evidence
for the importance of immune mechanisms in cardiovas-
cular diseases and cancer, a shared genetic regulation
with these conditions, as suggested by the overlapping
QTL, is another intriguing possibility. However, due to
the large numbers of QTL described and the usual size
of the confidence intervals, a certain degree of overlap
among QTL is expected by chance. Eael91is syntenic to
the human chromosome 13q22.1-q31.2 that has not
shown evidence of linkage to MS. An explanation, in
addition to the lack of power to exclude gene regions
in human linkage and association studies, is that path-
ways but not the regulating genes are shared between
the animal model and the human disease.

In conclusion, a new EAE-regulating locus on rat
chromosome 15, Eael9, is mapped in congenic and re-
combinant congenic strains in combination with linkage
analysis in an AIL. Further dissection of Eael9 is pos-
sible by the creation of congenic strains with increas-
ingly smaller congenic fragments. The identification of
genetic polymorphisms regulating autoimmune neu-
roinflammation will reveal disease-relevant mechanistic
pathways and thereby provide new targets for therapeu-
tic interventions.
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