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ABSTRACT The major histocompatibility complex of the rat
(RT1) has been poorly characterized with respect to the number,
linkage, and polymorphism of class I genes. To estimate the num-
ber of class I RT1 genes and the relative extent of their poly-
morphism, we performed Southern blot analysis with liver DNA
from rat strains expressing eight RT1 haplotypes. After digestion
with EcoRI and BamHI, the DNA was separated on agarose gels,
blotted onto nitrocellulose, and hybridized with mouse H-2 cDNA
probes, pH-211 and pH-2iHa. Ten to 20 EcoRI and 13 to 20 BamHI
bands hybridized with pH-2I11 and pH-211a; restriction fragment
length patterns were observed to be highly polymorphic. The re-
striction fragments associated with different RT1 haplotypes dif-
fered by 17-70%; this range is similar to the differences observed
between mouse H-2 haplotypes. The same restriction fragment
pattern was observed in DNA from three different rat strains
sharing the same RTI allele, confirming that the patterns were
RTI-associated. Further, the RTI1 and RT11"' haplotypes, which
differ at a single previously identified RT1-linked locus, were as-
sociated with EcoRI restriction pattern differences of 39-50%,
confirming the supposition that RT1 class I genes identified by
previous serological and T-cell-mediated assays have identified
only a minority of the actual number of RT1-linked class I genes.
In summary, the results reported in this communication demon-
strate that the RT1 complex encompasses a large family of highly
polymorphic class I genes similar to the H-2 and HL-A complexes
of mouse and man.

The major histocompatibility complexes (MHCs) of mammals
include polymorphic class I and class II genes (1), whose prod-
ucts regulate various aspects of the immune response. Class I
genes encode approximately 45,000-dalton cell surface glyco-
proteins; in the case of the mouse MHC, H-2, approximately
30 class I sequences have been identified by gene cloning ex-
periments (2). Among these genes are the previously identified
K, D, and L (3) genes expressed on the majority of somatic cells
and the Qa (4) and Ti genes (5) differentially expressed on lym-
phocyte subpopulations. Class II genes encode Ia molecules
composed of two glycoprotein subunits with molecular weights
of approximately 32,000 and 28,000 (6); class II molecules are
primarily expressed on B cells (7) and macrophages (8).
The outstanding characteristic of class I and class II MHC

genes of the two most extensively studied species, mouse and
man (HL-A), is their high level of polymorphism. In the mouse,
approximately 50 different alleles at both the H-2K and H-2D
loci have been identified in inbred and wild mice (9, 10). The
rat MHC, RTJ, has been suggested to be significantly less poly-
morphic than the H-2 and HL-A complexes. The RTI complex
is composed of (i) class I genes, which are RTJ.A (H-2K and H-
2D analogs) (11, 12), RTJ.C (Qa analog) (13), and RTJ.E (14),

and (ii) class II genes mapping to the RTJ.B region (15, 16).
Serological and T-cell mediated assays suggest that inbred and
wild rats express a limited number of RT1 haplotypes composed
of class I and class II genes of limited diversity (17-19). Two
alternatives may account for such presumed, limited diversity.
First, RTI is actually not highly polymorphic, relative to other
studied MHCs, due to the limited diversity of progenitors of
inbred rat strains and present-day wild rats. Second, the RTJ
complex genes are, indeed, highly polymorphic and the sero-
logical and T-cell assays employed in previous studies were not
sufficiently sensitive to distinguish different alloantigenic spec-
ificities.

Further, despite a recently published linkage map of the RT1
complex (20), the relative map positions of RTI class I and class
II genes are unknown; the reported linkage map has not or-
dered the RTJ.A and RTJ.B loci. This inadequacy is encoun-
tered, in part, because the total number of RT1.A and RT1.B
genes is unknown. In addition, the low frequency of recom-
bination within the RT1 complex suggests that recombination
analysis will yield little information on the relative map posi-
tions of RTJ-linked genes.

It is obvious that the most direct approach to the questions
of RTI gene polymorphism and linkage is to study the DNA
itself. Mouse and human cDNA probes homologous to class I
and class II genes of the rat can be employed to identify in-
dividual RTI sequences. This approach would take advantage
of the relatively conserved nature of portions of mammalian
MHC genes. The results presented in this communication con-
stitute our initial characterization of RTI class I genes at the
DNA level. Mouse cDNA probes homologous to relatively
polymorphic exons and relatively conserved exons of H-2 genes
were employed to generate restriction fragment patterns from
genomic DNA extracted from rats expressing eight different
RT1 haplotypes. The results described herein strongly suggest
a high level of polymorphism of RT1 class I sequences that has
not been detected previously.

MATERIALS AND METHODS
Rats. The employed rat strains and their respective RTI hap-

lotypes are presented in Table 1. All rats were bred in The Wis-
tar Institute animal facility.
DNA Extraction and Restriction Enzyme Digestion. Liver

DNA was isolated from rats fasted for 48 hr according to the
described technique (21). Twenty-microgram genomic DNA
samples were digested for 3 hr at 370C with 40 units of EcoRI
or BamHI (New England BioLabs). Duplicate samples con-
taining 1 tig of A DNA were employed to ensure complete
digestion.

Abbreviation: MHC, major histocompatibility complex.
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Table 1. Rat strains and respective RTI haplotypes
Strain RT

LEW I
F344 Ivi
WF u
BN n
DA a
BN.DA-RT1a a
F344.DA-RTla a
AUG c
BUF b
MNR m

cDNA Probes. The pH-211a and pH-2111 mouse cDNA probes
(22) were generously provided by M. Steinmetz (Division of
Biology, California Institute of Technology, Pasadena, CA). In-
tact plasmids were nick-translated and used directly as probes.

Agarose Gel Electrophoresis and Hybridization. Ten-mi-
crogram samples of digested DNAwere electrophoresed on 0.8%
agarose gels for 500 Vhr. Electrophoresed DNA was stained
with ethidium bromide and nicked with UV irradiation for 5
min. After denaturation and neutralization, DNA was trans-
ferred to nitrocellulose paper by the method of Southern (23)
and baked at 800C for 2 hr. Nitrocellulose filters were hybrid-
ized with the 32P-labeled pH-211a or pH-2III mouse cDNA
probes (1 x 106 cpm/ml) in (i) 50% dextran sulfate/formamide;
(ii) 1x Denhardt's solution (24); and (iii) competing DNA and

a b

RNA as described (25). Hybridization was performed at 420C
for 20 hr. Hybridized filters were washed twice in 300mM NaCl/
30 mM sodium citrate/0. 1% NaDodSO4 at 250C and six times
in 15 mM NaCI/1.5 mM sodium citrate/0.1% NaDodSO4 at
520C. Hybridized filters were exposed to Kodak XR-5 film with
a DuPont Lightning Plus intensifying screen at -70'C.

RESULTS
Two murine cDNA probes were employed to identify rat DNA
sequences homologous to mouse class I H-2 sequences. The 5'
probe, pH-21II, encompasses a 300-base-pair cDNA insert ex-
tending over H-2 class I codons 63-160 in the relatively poly-
morphic exons (22). The 3' probe, pH-211a, encompasses a 442-
base-pair cDNA insert of codons 183-329 in the relatively con-
served exons; the pH-2IIa probe was derived from cDNA clone
pH-2II by removing a repetitive sequence in the 3' untrans-
lated region. The results of hybridization of the pH-2III probe
with EcoRI-digested rat genomic DNA fragments are pre-
sented in Fig. 1 Upper. DNA samples from 11 rat strains ex-
pressing eight RT1 haplotypes were digested with EcoRI and
DNA samples from 6 rat strains were digested with BamHI (data
not shown). Twelve to 19 EcoRI bands and 14 to 19 BamHI
bands hybridized with the pH-2III probe (Tables 2 and 3). As
indicated by the range in number and intensity of hybridizing
restriction fragments, extensive differences in restriction pat-
tern were associated with different RT1 haplotypes. The per-
centage of differences between hybridizing restriction frag-
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FIG. 1. Genomic Southern blots of
EcoRI fragments hybridized with the
pH-2I1 (Upper) and pH-2IIa (Lower)
probes. Lanes in Upper. a, LEW (RT1');
b, F344 (RTill); c, WF (RT); d, BN

§ (RT1'); e, DA (RT1a); f, F344.DA-
RT1'(1) (RTWa); f, F344.DA-RT1a(2)
(RTla); g, BN.DA-RT1a (RT1a); h,
AUG (RT1C); i, BUF (RTib); j, MNR
(RTZm); k, BlO.P. Lanes in Lower. a,

r LEW; b, F344; c, WF; d, BN; e, DA; f,
BN.DA-RT1a; g, F344.DA-RT1a; h,
AUG; i, BUF; j, MNR; k, BlO.P. High
molecularweight bands in Upperwere
resolved after a shorter (4-hr) expo-
sure time.
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Table 2. Summary ofRTZ haplotype-associated differences in
EcoRI-derived bands hybridizing with pH-2E11

RT1 RTZ haplotype
haplotype Iv1 u n a c b m
1(19) 18/36 12/35 13/33 18/32 15/31 8/38 17/29

50% 39% 39% 56% 48% 21% 59%
Iv1 (17) 11/33 11/31 6/30 13/29 12/36 13/27

33% 35% 20% 45% 33% 48%
u (16) 8/30 9/29 10/28 7/35 16/26

27% 30% 36% 20% 62%
n (14) 9/27 8/26 9/33 10/24

33% 31% 27% 42%
a (13) 13/25 12/32 13/23

52% 38% 57%
c (12) 13/31 6/22

42% 27%
b (19) 15/29

52%
m (10)

Numbers in parentheses are numbers of hybridizing bands.

ments associated with different RTJ haplotypes is between 20%
and 62% for EcoRI fragments and between 27% and 63% for
BamHI fragments; these percentages are presented in Tables
2 and 3, respectively.

Three strains expressing the RTI' haplotype on three dif-
ferent genetic backgrounds-i.e., DA, BN. DA-RTIa, and
F344.DA-RTIa (Fig. 1)-were included in this analysis. The
restriction patterns from all three rat strains expressing the RTiP
haplotype were identical, confirming the association of restric-
tion fragment polymorphism with inheritance of RTI haplo-
types. Two strains, LEW and F344, which express indepen-
dently derived and nearly identical RTJ l and RTI Vl haplotypes,
respectively, were included in this analysis. The EcoRI restric-
tion patterns associated with these two RTI' haplotypes were
as different from each other as from the RTI' haplotypes (Fig.
1 Upper). This observation indicates that the single reported
difference between these two RTJ' haplotypes (26) is only one
of many class I gene differences between these two haplotypes.

Similar experiments were performed with the 3' pH-211a
probe, which encompasses mouse class I gene codons 183-329.
The genomic blots generated by hybridization of pH-211a and
EcoRI fragments of genomic DNA from 10 are presented in
Fig. 1 Lower. As in the case of the pH-21II probe, multiple,
hybridizing bands were observed; 14-20 EcoRI fragments and
13-20 BamHI fragments (data not shown) hybridized with pH-
211a (summarized in Tables 4 and 5). Extensive restriction frag-

Table 3. Summary ofRT1 haplotype-associated differences in
BamHI-derived bands hybridizing with pH-2M

RTI RTZ haplotype

haplotype n a c u m

Iv1 (18) 12/34 15/35 16/32 15/37 20/32
35% 43% 50% 41% 63%

n (16) 9/33 10/30 13/35 14/30
27% 33% 37% 47%

a (17) 11/31 18/37 15/31
35% 49% 48%

c (14) 15/33 8/28
45% 29%

u (19) 19/33
58%

m (14)

Numbers in parentheses are numbers of hybridizing bands.

Table 4. Summary of RTI-associated differences in EcoRI-
derived bands hybridizing with pH-2IIa

RT1 RT1 haplotype
haplotype lvi u n a c b m
1(16) 14/36 19/33 18/34 19/35 18/33 23/33 20/30

39% 58% 53% 54% 55% 70% 67%
Wvi(20) 15/40 18/37 17/39 13/37 15/37 20/34

38% 49% 44% 35% 40% 59%
u (17) 11/35 6/36 10/34 10/34 15/31

31% 17% 29% 29% 48%
n (18) 11/37 15/35 9/35 18/32

30% 43% 26% 56%
a (19) 10/36 12/36 13/33

28% 33% 39%
c (17) 12/34 15/31

35% 48%
b (17) 15/31

48%
m (14)
Numbers in parentheses are numbers of hybridizing bands.

ment length polymorphism was observed. The percentage of
fragment length differences associated with different RTJ hap-
lotypes varied from 17% to 70% for EcoRI fragments and from
29% to 63% for BamHI fragments (Tables 4 and 5). Only a sin-
gle high molecular weight band distinguished BN.DA-RTPa and
F344. DA-RTla from DA; otherwise the restriction patterns as-
sociated with these strains that express RT1P were identical. It
is possible that this disparity is due to (i) partial digestion or (ii)
a single sequence difference between DA and BN.DA-RT1a and
F344. DA-RTla. The former appears more likely given the high
molecular weight of the band in question and the fact that this
band is not observed with BN DNA. Further, the EcoRl re-
striction patterns associated with RTI' (LEW) and RTI'vl (F344)
were significantly different (39%), suggesting that RTlJ and RTl
are distinctly different RT1 haplotypes.

DISCUSSION
Polymorphic class I and class II genes within the MHCs of
mammals play a prominent role in antigen-specific presenta-
tion of foreign antigen to effector T cells. Therefore, it is im-
portant to understand the structure of MHC-encoded mole-
cules as well as the number and organization of MHC genes.
The most extensively analyzed MHC of an animal model of the
human MHC, HLA, has been the mouse H-2 complex. A more
detailed understanding of the diversity of MHC genes among
mammalian species necessitates the analysis of the MHCs of
other mammals, especially those that provide usefuil models for

Table 5. Summary ofRTZ haplotype-associated differences in
BamHI-derived bands hybridizing with pH-21a

RTI RTZ haplotype
haplotype a c u m
n (14) 10/28 13/27 17/27 12/34

36% 48% 63% 35%
a (14) 9/27 15/27 10/34

33% 56% 29%
c (13) 8/26 13/33

31% 39%
u (13) 17/33

52%
m (20)

Numbers in parentheses are numbers of hybridizing bands.
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human diseases. Toward this end, we have undertaken the
characterization of the rat MHC, RT1.

The RTI complex of rats is composed of class I and class II
genes. The class I genes can be subdivided into: (i) RT1.A genes,
which appear to be analogous to H-2K, D, and L in the mouse
(11, 12); (ii) RT1.C genes (13), which appear to be analogous to
the Qa genes in the mouse; and (iii) RTL.E (14). These analogies
are made on the basis of tissue distribution. Further, the class
II genes coding for Ia-like antigens are encoded in the RT1.B
region (15, 16). However, the scarcity of recombinants within
the RTZ complex has hindered the quantitation of class I and
II genes as well as assignment of their relative map positions
within RT1.

Given the apparent inability of classical genetic techniques
to dissect the RT1 complex, we have initiated the character-
ization of RT1 class I genes by recombinant DNA techniques.
In this communication we have demonstrated at least 20 class
I sequences, extrapolated from the number of bands hybrid-
izing on Southern blots with mouse cDNA probes specific for
(i) the second and third, relatively polymorphic, H-2 class I ex-
ons, and (ii) the fourth through eighth, relatively conserved, H-
2 class I exons. This is, probably a minimal estimate since in-
tensely hybridizing bands may represent multiple copies of class
I sequences. Also, higher molecular weight bands are not as
well resolved and may contain multiple species. These results
are- consistent with those obtained for H-2, in which 30 class I
genes have been identified by cosmid cloning (2) after the iden-
tification of approximately 13-16 restriction fragments in
Southern blot analysis (27, 28). These results clearly indicate
that the majority of rat class I sequences have not been iden-
tified previously by serological and biochemical techniques.

Another important observation reported in this communi-
cation is the obviously extensive polymorphism of RTJ class I
sequences. This conclusion is reached upon estimation of the
differences between restriction fragment patterns associated
with the eight tested RT1 haplotypes. The percentage of dif-
ferences between restriction fragment patterns associated with
different RT1 haplotypes is on the same order as that observed
for H-2 haplotypes (27, 28). Inclusion of inbred strains defining
the RT1P haplotype on three different genetic backgrounds-
i.e., DA, BN.DA-RTIa, and F344.DA-RTla-confirmed the
association of polymorphic restriction patterns with the RT1
haplotypes of the donors.
The observed dissimilarity among restriction patterns ranged

from 17% to 70%. Most interestingly, the magnitude of simi-
larity did not correlate with previously reported RT1 haplotype
similarity, which has been based on a variety of serological and
T-cell mediated assays. The level of polymorphism observed
with RT1 class I sequences is comparable to that observed by
similar recombinant DNA techniques in the mouse (27, 28).
Given the large number of mouse H-2 haplotypes and the ex-
tensive polymorphism of their associated class I genes, we con-
clude that class I sequences in the RT1 complex exhibit a level
of polymorphism similar to that observed for -H-2. This con-
clusion directly conflicts with conclusions drawn previously from
serological analyses of RT1 haplotypes of inbred and wild rats,
which suggest that the RT1 complex exhibits limited polymor-
phism (17-19). However, the serological analyses expectedly
suffer from a lack of sensitivity required to detect more than
a limited number of RT1 class I alloantigens. The documen-
tation of extensive polymorphism in the rat RTI complex is ex-
tremely important in that it supports the contention that one
of the main characteristics of MHC-linked loci is their high level
of polymorphism within a species. Further, since we have not
been able to identify the restriction fragments encoding se-
rologically detected class I genes, it is possible that the con-

ventional RT1 products are similar and are encoded by one of
the low-polymorphism bands. Definitive answers will come from
studies of cloning and expression of rat class I sequences by
DNA-mediated gene transfer.

The observations reported in this communication offer greater
resolution in identifying the RTI haplotype origin of class I al-
leles associated with specific RT1 haplotypes. In particular, the
RT1P and RTI"' haplotypes exhibited grossly dissimilar restric-
tion patterns despite their apparent coinheritance of at least
one RT1 .A allele (29, 30). Of greater interest is the dissimilarity
of restriction patterns associated with the RTI1 and RTl l hap-
lotypes of LEW and F344, respectively. The only reported dif-
ference between the RT1 haplotypes of these two strains has
been their expression of different alleles at the CT locus (26),
a potential analog of mouse Qa loci. The important conclusion
to be drawn from the observations concerning the LEW and
F344 RTI haplotypes is that identity at RT1.A and RT1.B loci
should not be extrapolated to suggest identity at all other RT1
loci. In fact, the majority of mouse class I sequences have been
mapped to the Qa-T1 region (31), implying that even though
two rat strains express identical RTJ.A and RTI.B alleles they
are not necessarily identical at any other class I loci.
Up to the present, identification of single genes within the

rat RTI complex and assignment of immunological functions to
these genes has been extremely difficult. Exploitation of re-
combinant DNA techniques will facilitate this identification by
enabling one to clone RT1 sequences and introduce them into
new environments and characterize their gene products in iso-
lation.
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