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ABSTRACT One approach to understanding common
human diseases is to determine the genetic defects responsible
for similar diseases in animal models and place those defective
genes in their corresponding biochemical pathways. Our
laboratory is working with an animal model for human
rheumatoid arthritis called collagen-induced arthritis (CIA).
We are particularly interested in determining the location of
disease-predisposing loci. To that end, we performed experi-
ments to localize susceptibility loci for CIA in an F2 cross
between the highly susceptible mouse strain DBAy1j and the
highly resistant mouse strain SWRyj. Specifically, a quanti-
tative trait locus analysis was performed to localize regions of
the mouse genome responsible for susceptibilityyseverity to
CIA. One susceptibility locus, Cia1 in the major histocom-
patibility locus, had been identified previously. Two additional
loci were detected in our analysis that contribute to CIA
severity (Cia2, Cia3) on chromosomes 2 and 6. A third locus
was detected that contributes to the age of onset of the disease.
This locus (Cia4) was located on chromosome 2 and was linked
to the same region as Cia2. Determining the identity of these
loci may provide insights into the etiology of human rheuma-
toid arthritis.

One approach to solving the complex interactions of suscep-
tibility genes for a particular human disease is to identify genes
in an animal model for a similar disorder and then assess the
relevance of those genes by looking at homologous genes or
their pathways in humans. A number of rodent animal models
exist for a variety of human diseases, such as diabetes, hyper-
tension, systemic lupus erythrematosus, and rheumatoid ar-
thritis. The genes predisposing to disease in the animal model
may not be orthologous to the loci involved in the human
pathologies. However, understanding the physiological mech-
anisms that lead to the disease in animals may provide insights
into the etiology of their human counterparts. The NOD
mouse has provided new insights for diabetes (1), the
NZM2410 mouse has provided insights for systemic lupus
erythrematosus (2, 3), and the stroke-prone spontaneously
hypertensive rat (SHRSP) has provided insights for hyperten-
sion (4, 5). Our laboratory has been studying collagen-induced
arthritis (CIA), a mouse animal model for human rheumatoid
arthritis (6).

Autoimmune reactivity to type II collagen (CII) was first
experimentally induced in the rat by Trentham et al. in 1977
(7). Intradermal injection of CII in complete Freund’s adju-
vant (CFA) resulted in an inflammatory polyarthritis with
characteristics similar to rheumatoid arthritis in man. A mouse
model of CIA subsequently was established by Courtenay et al.
(8). Most rodent studies immunize the animals with heterol-

ogous CII (e.g., bovine or chicken CII), which presents a
pathology characterized as an arthritis that develops ‘‘explo-
sively’’ 6–10 weeks after injection and never relapses after
remission. Microscopic examination of the joints of diseased
animals reveals many features that are similar to rheumatoid
arthritis, including lymphocytic infiltration and synovial mem-
brane hypertrophy.

The genetics of CIA has been under intense investigation for
a number of years. Genetic crosses between susceptible and
resistant inbred mouse strains have demonstrated that CIA is
inherited in most inbred strains as a polygenic, dominant trait
(9, 10). Several investigators have explored the role of the
murine major histocompatibility complex (Mhc or H-2) in CIA
development by immunization of congenic and inbred strains
with heterologous and homologous CII (11–14). The results
from these studies established that specific Mhc haplotypes are
required for CIA susceptibility, namely H-2q and H-2r. Spe-
cifically, Wooley et al. (15) used recombinant inbred strains to
map susceptibility to CIA within the I region of the Mhc. In this
current study, the Mhc is given the CIA susceptibility locus
name Cia1. Evidence localizing susceptibility to the b1 domain
of the H2-Ab gene was described later (16).

Although susceptibility to CIA has been linked to H-2
inheritance, non-Mhc genes clearly influence the incidence
and severity of CIA. This is demonstrated by the difference in
the frequency of CIA in the H-2q strains DBAy1j (100%),
B10.Q (84%), NFRyN (50%), B10.G (41%) and SWRyj (0%)
(12, 14). Of interest, SWRyj mice are completely resistant to
CIA induction with both heterologous and homologous CII,
although they have the permissive H-2 haplotype. The under-
lying mechanisms responsible for their resistance have been
under investigation for quite some time, with two principle loci
being implicated in the resistance of SWRyj to CIA induction,
complement C5 (Hc) and the T cell receptor beta locus (Tcrb)
(17–21). The contribution of these loci to CIA susceptibility is
still not clear and has been under debate (19, 20, 22). Further
evidence of non-Mhc loci contributing to the severity of CIA
was provided by Remmers et al. (23). They performed a
genome scan to localize susceptibility loci for CIA in (DA 3
F344)F2 susceptible rats. In addition to the rat Mhc, five
additional susceptibility loci were localized to five separate
chromosomes (chromosomes 1, 4, 7, 8, and 10). Recently,
Jirholt et al. (24) described two additional susceptibility loci for
CIA in (B10.RII 3 RIIISyj)F2 arthritic mice. These loci were
located on chromosomes 3 and 13.

Given the disease heterogeneity and Mhc variability, we
argue that mice of the H-2q and H-2r haplotypes represent
different collections of polymorphism leading to CIA suscep-
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tibility. Our current study has focused on localizing the chro-
mosomal positions of susceptibility loci for CIA for one of
these groups by analyzing F2 progeny from the highly suscep-
tible DBAy1j (H-2q) mouse strain and the completely resistant
SWRyj (H-2q) mouse strain. We find that two loci, Cia2 and
Cia3, on chromosomes 2 and 6, respectively, contribute to
susceptibility and that a third locus (Cia4) on chromosome 2
contributes to the time of disease onset.

MATERIALS AND METHODS

Immunization and Monitoring. All animals used in this
study were bred at The Jackson Laboratory and were housed
in the Department of Comparative Medicine’s SPF facility at
the University of Washington. All procedures and assays were
preapproved by the University of Washington’s Animal Care
Committee. CIA was induced in control and experimental
animals according to established protocols (8) with slight
modifications. In brief, male control DBAy1j, SWRyj, and
(DBAy1j 3 SWRyj)F1 and experimental male (DBAy1j 3
SWRyj)F2 progeny were immunized at 8 weeks of age at the
base of the tail with 100 mg of chicken CII (Sigma) dissolved
in 50 ml of 0.1 M acetic acid and mixed with an equal volume
(50 ml) of CFA (CFA with 1 mgyml Mycobacterium tuberculi;
Sigma). At 4 weeks postimmunization, the animals were
boosted i.p. with 100 mg of chicken CII in incomplete Freund’s
adjuvant (Sigma). Negative control DBAy1j animals were
immunized with 0.1 M acetic acid in CFA and were boosted
with 0.1 M acetic acid in incomplete Freund’s adjuvant. All
mice were kept for 20 weeks postimmunization to ensure that
the animals were negative.

Animals were monitored on a weekly basis for signs of CIA.
An arthritic index was assigned to each mouse by using the
following criteria: 0, no signs of arthritis; 1, swelling and
redness in a single joint; 2, inflammation in multiple joints; and
3, severe swelling, joint erosion, andyor ankylosis. Each paw
was scored from 0–3, and the arthritic paws then were mul-
tiplied by their score with the index being the sum of all of the
paws. For example, an animal with scores of 0:1:2:3 for each
paw would have an arthritic index of 0 1 1(1) 1 2(2) 1 3(3)
5 14. This scoring method was used to reflect the differences
in the severity of the arthritis in affected paws. Without this
method, an animal with three grade 1 paws (swelling in a single
joint) would have the same severity index as an animal with one
grade 3 paw (joint erosion and severe swelling).

The animals were killed after the 20-week observation
period, and their paws were harvested for histologic examina-
tion. In brief, the paws from each animal were collected, fixed,
and decalcified for a minimum of 72 hours in 3.0 ml of Cal-Ex
II (Fisher Scientific) and were embedded in paraffin. Two

sections (10 mm thick) along the longitudinal axis from each
paw were mounted onto glass slides and were stained with
hematoxylin and eosin. The slides were blindly scored inde-
pendently by two pathologists using the following criteria: 0,
normal synovial membrane and smooth cartilage surfaces; 1,
synovial membrane hypertrophy and cellular infiltration; 2,
grade 1 plus pannus formation with superficial cartilage
erosions; 3, grade 2 plus major erosion of the cartilage and
subchondral bone; and 4, loss of joint integrity through ero-
sion, massive cellular infiltration, or the presence of ankylosis.
The histology index for each animal was calculated in the same
manner as the arthritic index described above.

DNA Isolation and Genotyping. The genomic DNAs used
for genotyping the mice were isolated from either a 1-cm tail
clip or liver by using standard isolation protocols described
elsewhere (25). Genomic DNA from each animal was geno-
typed for 182 commercially available microsatellite loci (Re-
search Genetics, Huntsville, AL) by using PCR amplification
procedures described previously (25). In brief, each reaction
contained genomic DNA (50 ng), primers (0.2 mM each), 50
mM KCl, 10 mM Tris, 1–2.5 mM MgCl2, 0.2 mM dNTP, and
0.0–0.5 mM dATP-IRD40. The samples were cycled 35 times
at 94°C for 15 s, 50–58°C for 15 s, and 72°C for 15 s. Markers
were optimized for both their annealing temperature (50–
58°C) and MgCl2 concentration (1–2.5 mM). The products
from the first set of experimental animals (Table 1, Experi-
ment 1) were resolved on denaturing polyacrylamide gels and
were stained by using Silver Sequence staining reagents (Pro-
mega). Alternatively, the products from the second set of
experimental animals was labeled with an infrared dye (dATP-
IRD40), were resolved on denaturing polyacrylamide gels, and
were detected by using a Li-Cor (Lincoln, NE) Model 4000S
automated DNA sequencer (26, 27). The genotypes were
scored independently by at least two people.

Linkage Analysis. After genotyping the F2 progeny, linkage
maps were constructed by using MAPMAKERyEXP 3.0 (28). The
linkage data and phenotype data were analyzed by using
MAPMAKERyQTl 1.1B (29). The quantitative trait locus (QTL)
analysis was conducted on the most severely arthritic (upper
15%) and least severely arthritic (lower 5%) F2 animals by
using the histology index. The histology index was used
because mistyping of nonarthritic animals would be minimized
as macroscopic inspection will not reveal low level lymphocytic
infiltration. Additional marker loci were typed in genomic
intervals at which logarithm of odds (lod) scores exceeded 1.5,
bringing the total number loci typed in these animals to 212.
All intervals containing significant evidence of linkage were
confirmed by two-point analysis by using BYMARKER (http:yy
www.cityofhope.orgyusersyjlongmateybymarker.htm.), a com-
puter program that tests associations between marker data and

Table 1. Incidence and severity of CIA in control and experimental animals

Experiment Strain CII CIA (%)*
Age of Onset,

weeks
Mean age of

onset† Arthritic index‡ Histology index§

1 SWRyj 1 0y6 (0) 2 2 0 0
1 DBAy1j 2 0y10 (0) 2 2 0 0
2 DBAy1j 2 0y10 (0) 2 2 0 0
1 DBAy1j 1 10y10 (100) 5 8.0 6 0.8 20.4 6 4.4 20.5 6 4.6
2 DBAy1j 1 10y10 (100) 5 7.0 6 0.5 25.6 6 3.7 24.5 6 5.7
1 (DBAy1j 3 SWRyj)F1 1 14y19 (73.7) 6 9.5 6 0.7 15.8 6 2.1 N.D.
1 (DBAy1j 3 SWRyj)F2 1 55y87 (63.2) 5 8.1 6 0.4 17.9 6 1.4 12.8 6 1.8
2 (DBAy1j 3 SWRyj)F2 1 51y80 (63.8) 5 8.0 6 0.4 11.4 6 1.4 13.2 6 2.3

Totals
DBAy1j 20y20 (100) 5 7.5 6 0.5 23.0 6 2.9 22.5 6 3.7
F2 Exp. (DBAy1j 3 SWRyj)F2 106y167 (63.5) 5 8.1 6 0.3 14.8 6 1.0 13.0 6 1.5

N.D., Not done.
*Number of arthritic animalsytotal number immunized.
†Weeks after immunization 6 S.E.M.
‡Arthritic and histology index 6 S.E.M.
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phenotype data given either a normal or non-normal distri-
bution (F statistic, ANOVA analysis).

RESULTS

Table 1 presents the results of two experiments showing the
incidence and severity of CIA in DBAy1j control and (DBAy
1j 3 SWRyj)F2 experimental animals. As expected, negative
control DBAy1j mice immunized with 0.1 M acetic acid in
CFA had no signs of arthritis (0y20) whereas positive control
DBAy1j mice had an incidence of 100% (20y20) with a mean
arthritic index of 23.0 6 2.9 and age of onset of 7.5 6 0.5 weeks.
Consistent with a dominant mode of inheritance, the (DBAy
1j 3 SWRyj)F1 progeny had an incidence of 73.7% (14y19),
a mean arthritic index of 15.8 6 2.1, and a mean age of onset
of 9.5 6 0.7. In contrast, the (DBAy1j 3 SWRyj)F2 animals
had an incidence of 63.5% (105y168) with a significantly lower
mean arthritic index (14.8 6 1.0) than the positive control
DBAy1j animals (23.0 6 2.9, P , 0.0001) and similar age of
onset (8.1 6 0.3). The histology index was very similar to the
arthritic index. DBAy1j positive control animals had a mean
histology index of 22.5 6 3.7, and the F2 experimental progeny
had a mean histology index of 13.0 6 1.5. The lower incidence
and decreased severity in the F2 population would be consis-
tent with a polygenic model for CIA susceptibility.

QTL analysis of the (DBAy1j 3 SWRyj)F2 progeny dem-
onstrated the presence of two susceptibility loci in genomic
intervals on chromosomes 2 and 6 (Fig. 1). The first locus
(Cia2) on chromosome 2 had significant evidence of linkage to

marker D2Mit61 (lod score of 6.34) whereas the second locus
(Cia3) on chromosome 6 had suggestive evidence of linkage to
marker D6Mit10 (lod score of 3.19). The support interval for
Cia2 is '12 centimorgans whereas that of Cia3 is 23 centi-
morgans (Fig. 1). The fraction of the total variation in severity
across the population of F2 animals (variance) explained by
Cia2 and Cia3 was 29 and 9%, respectively. These values were
calculated by MAPMAKER. To confirm the existence of these
loci, a two-point analysis (F statistic, ANOVA) was accom-
plished by using BYMARKER. The data from this analysis
yielded analogous results (Table 2). The loci identified in the
analysis as significantly associated with CIA were D2Mit61
(F 5 10.5, P , 0.0001) and D6Mit10 (F 5 8.9, P , 0.00045).

To determine whether specific genomic intervals were as-
sociated with the age of onset of CIA, we performed a QTL
analysis of the affected F2 progeny by using animals exhibiting
early (,6 weeks) and late (.12 weeks) CIA onset. In contrast
to the above analysis, the results demonstrated that one
genomic interval showed evidence of linkage to a locus that
affects the age of onset of CIA on chromosomes 2 (Fig. 2). As
with Cia2, the first locus also was linked to D2Mit61 (lod score
of 3.2). The variance explained by this locus was 21%. Again,
to confirm the presence of this locus, an association analysis
was performed by using BYMARKER (Table 2). The locus
associated with the age of onset from this analysis was D2Mit61
(F 5 15.8, P , 0.000001).

DISCUSSION

The susceptibility and resistance of DBAy1j and SWRyj,
respectively, to the induction of CIA is well documented (9, 10,
15). As with previously published data, the DBAy1j mice in
these experiments had an incidence of 100% whereas the
SWRyj mice were completely resistant (0% incidence). Con-
sistent with a dominant mode of inheritance, our (DBAy1j 3
SWRyj)F1 progeny were susceptible to induction of CIA
(Table 1). Of interest, there was incomplete penetrance of the
susceptible phenotype (73% incidence). The further reduction
in the number of affected F2 progeny (63.5%) is consistent
with a polygenic model of CIA susceptibility. A comparison of
the severity indexes (arthritic) between the F1 and F2 progeny
did not show a significant difference. In contrast, the DBAy1j
positive controls were significantly different in terms of se-
verity when compared with either the F1 or F2 progeny (P ,
0.0001). These data might indicate there are loci coming from
SWRyj that have a protective affect for CIA. Alternatively, the
decreased severity may be caused by random shuffling of loci
during the breeding process. However, if this were the case,
one would expect a difference between the F1 and F2 progeny.
The localization of SWRyj derived protective loci could be
determined by assessing CIA in (DBAy1j 3 SWRyj)F1 3
SWRyj backcross progeny.

The two intervals associated with CIA severity (Fig. 1)
contain a number of candidate loci (Table 3). The region of
chromosome 2 containing Cia2 is syntenic to rat chromosome
3. Chromosome 3 did not show evidence of linkage to CIA in
the (DA 3 F344)F2 rat QTL analysis (23), indicating that we
have uncovered a unique locus for CIA susceptibility. There
are two very interesting candidate loci in this region, prosta-
gladin synthetase 1 (Pgs1) and complement C5 (Hc). Pgs1 is a
key enzyme in prostaglandin biosynthesis and thus may impact
modulation of the inflammatory responses. Complement C5
(Hc) is an important mediator of inflammation and has been
implicated in the resistance of SWRyj mice to CIA induction
(17, 21). The role complement C5 plays in the disease process
of CIA has been debated (18, 30). However, recent genetic
data using transgenic T cell receptor b chain mice have
implicated C5 and this region in susceptibility to CIA (21).

The second locus (Cia3) is particularly interesting in that this
region of chromosome 6 is syntenic to rat chromosome 4. This

FIG. 1. QTL plots for each chromosome containing non-Mhc
linked loci using the histology index data. Log-likelihood values were
determined by using MAPMAKERyQTL 1.1B. lod scores are presented on
the y axis, and positions of the marker loci along the chromosome are
given on the x axes. Support intervals are given by the black box. (A)
Chromosome 2. Markers are presented centromere to telomere. (B)
Chromosome 6. Markers are presented telomere to centromere.
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region of chromosome 4 has been shown to contain suscepti-
bility loci for CIA (23) as well as IDDM in the rat (1). This
observation would argue that there may be a major locus
contributing to autoimmune inflammation in this interval.
However, one cannot rule out that more than one locus is
contained in this interval. There are a number of candidate
genes found in this region (Table 3). Most notable are Il5ra,
Tnfr1, Tgfa, and Cd27, one of which has been implicated in the
modulation of CIA susceptibility. Mori et al. (31) used Tnfr1-
deficient mice to demonstrate this receptor may play a role in
the early inflammatory response that establishes CIA. Addi-
tionally, Le et al. (32) used a modified Tnfr1 gene to suppress
CIA in experimental rats. The ligand of Tnfr1, Tnfa, affects the
course of CIA induction (33, 34). Of interest, there is a

(TC)9(TG)19 repeat polymorphism 67 bases 59 of the first exon
between DBAy1j and SWRyj at the Tnfr1 locus (35).

The QTL analysis comparing early- vs. late-age-of-onset
arthritic mice produced one genomic interval with evidence of
linkage. This locus (Cia4) was found in the same interval
associated with CIA severity on chromosome 2. This could be
the result of the same locus or a separate linked locus. Of
interest, we did not detect Cia3 in this analysis. This may
indicate Cia3 does not affect the age of onset or it is too weak
to be detected in the current analysis. Candidate loci found in
this region (chromosome 2) that would be predicted to affect
the progression of CIA in the early stages of the disease would
be Hc or Ptgs1.

One way to confirm that these genomic intervals contain
susceptibility loci for CIA is to produce a congenic mouse in
which the interval from the susceptible strain is moved onto the
background of a resistant strain. These experiments are cur-
rently underway. Preliminarily data with an incipient congenic
strain in which the DBAy1j derived genomic interval contain-
ing Cia2 (chromosome 2) was moved onto the resistant SWRyj

FIG. 2. QTL plot for chromosome 2 containing a non-Mhc linked
locus using the age of onset data. Log-likelihood values were deter-
mined by using MAPMAKERyQTL 1.1B. lod scores are presented on the
y axis, and positions of the marker loci from centromere to telomere
along the chromosome are given on the x axes. Support intervals are
given by the black box.

Table 3. List of candidate loci for each genomic interval

QTL Chromosome Locus Description

Cia2, Cia4 2 Ptgs1 Prostaglandin synthetase 1
Dpp4 Dipeptidylpeptidase 4
Ssb Sjogren syndrome antigen B
Hc Complement C5

Cia3 6 Tnfr1 Tumor necrosis factor
receptor 1

Il5ra Interleukin 5 receptor a
Cd4 CD4

Cd27 CD27
Tgfa Transforming growth factor a
Bphs Bordetella pertussis-induced

histamine sensitization

Candidate loci were picked because of their immunologic relevance.
This is not an exhaustive list.

Table 2. Bymarker analysis of chromosomes with significant evidence of linkage for severity and age of onset

Severity Onset

Locus Centimorgans* F† P Locus Centimorgans* F P

Chromosome 2
D2MIT5 2 2.1 0.13200 D2MIT5 2 2.5 0.08
D2MIT7 14.3 6.5 0.00262 D2MIT7 14.3 6.5 0.0023
D2MIT61 12.0 10.5 0.00010 D2MIT61 12.0 15.8 0.0000011
D2MIT9 4.1 3.8 0.02802 D2MIT9 4.1 8.0 0.00059
D2MIT11 4.4 7.2 0.00138 D2MIT11 4.4 12.5 0.000014
D2MIT14 6.9 5.4 0.00641 D2MIT14 6.9 7.6 0.00087
D2MIT30 11.3 2.7 0.07305 D2MIT30 11.3 6.4 0.0024
D2NDS3 3.0 4.1 0.02041 D2NDS3 3.0 8.7 0.00032
D2MIT21 8.1 2.8 0.06983 D2MIT21 8.1 3.2 0.044
D2MIT48 2.9 2.5 0.09207 D2MIT48 2.9 3.2 0.046
D2MIT49 5.4 2.4 0.09816 D2MIT49 5.4 3.9 0.023
D2MIT51 2.7 2.6 0.08346 D2MIT51 2.7 5.0 0.0083

Chromosome 6
D6MIT1 2 2.9 0.06182
D6MIT3 28.7 5.7 0.00572
D6MIT4 2.7 5.4 0.00716
D6MIT8 1.7 7.3 0.00153
D6MIT9 2.2 6.7 0.00254
D6MIT10 23.8 8.9 0.00045
D6MIT13 9.6 2.9 0.06503
D6MIT15 12.1 1.1 0.35456

Genotype and phenotype data were analyzed by using BYMARKER under the assumption of a non-normal distribution. Data for both the severity
and age of onset are presented.
*Distance from the previous marker in centimorgans.
†F test of ranks, 2 degrees of freedom.
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strain (SWR.D1c2N3F1, 85% background) gave interesting
results. Immunization of these animals with chicken CII
resulted in '50% of the animals homozygous for the DBAy1j
Cia2 region having severe CIA similar to control DBAy1j mice
(G. Carlson, McClaughlin Institute, personal communication).
Given the complete resistance of SWRyj to CIA induction,
these results are extremely promising.

The loci we have described here contribute to '39% of the
variance observed. This would indicate that there are more loci
contributing to CIA severity; however, we were unable to
detect them in the current data set. This is similar to the rat
CIA QTL analysis in which 57% of the variance was explained
by the loci detected in their screen (23). Our current analysis
has identified one unique and possibly one common locus for
CIA susceptibility when compared with the rat study as well as
possibly one unique locus contributing to the age of onset of
disease. Positional cloning efforts for these loci are also
underway.
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