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Summary

The V(D)) recombination activation gene RAG-1 was
isolated on the basis of its ability to activate V(D)J re-
combination on an artificial substrate in fibroblasts.
This property and the expression pattern in tissues
and cell lines indicate that RAG-1 either activates or cata-
lyzes the V(D)) recombination reaction of immuneo-
globulin and T cell receptor genes. We here describe
the introduction of a mutation in RAG-1 into the germ-
line of mice via gene targeting in embryonic stem cells.
RAG-1-deficient mice have small lymphoid organs that
do not contain mature B and T lymphocytes. The arrest
of B and T cell differentiation occurs at an early stage
and correlates with the inability to perform V(D)J re-
combination. The immune system of the RAG-1 mutant
mice can be described as that of nonleaky scid mice.
Although RAG-1 expression has been reported in the
central nervous system of the mouse, no obvious neu-
roanatomical or behavioral abnormalities have been
found in the RAG-1-deficient mice.

Introduction

The generation of antibody and T cell receptar (TCR) diver-
sity is mediated to a large extent by the somatic DNA
rearrangement known as V(D)) recombination, which
joins variable (V), diversity (D), and joining (J) gene seg-
ments (Tonegawa, 1983). The genes for the antigen recep-
tors are assembled through this process exclusively in
lymphocytes. V(D)J recombination occurs at seven differ-
ent loci: the immunoglobulin (Ig) heavy chain, x and i light
chain loci in B lymphocytes (Tonegawa, 1983), and the
TCR a, B, v, and & chain loci in T lymphocytes (Davis and
Bjorkman, 1988). The prevailing model is that a common
recombinase is active in precursors of both B and T cells

and that the sequential recombinations are executed by
developmentally controlled targeting of the recombinase
to the different loci (Alt et al., 1986).

The cis-acting sequences required for V(D)J recombina-
tion have been described in detail (Tonegawa, 1983;
Hesse et al., 1989). A gene called the recombination acti-
vation gene (RAG-1) was isolated by virtue of its ability to
activate V(D)J recombination in NIH 3T3 fibroblasts on
an artificial recombination substrate carrying selectable
markers (Schatz and Baltimore, 1988; Schatz etal., 1939).
A second, structurally unrelated gene called RAG-2 was
later identified in the immediate vicinity of BAG-1 (Oet-
tinger et al., 1990). A model has been proposed in which
RAG-1 and RAG-2 together are sufficient to induce V(DM
recombination on an artificial substrate in fibroblasts (Oet-
tingeretal,, 1920). The expression of both genes is concor-
dant and restricted to cell lines displaying V(D) recombi-
nation activity and to developing lymphoid tissues (Schatz
et al., 1989; Qettinger et al., 1990; Boehm et al., 1981;
Turka et al., 1991). The only reported discordancies in
their spatial patterns of expression are transcription of only
RAG-1 in the central nervous system of the mouse (Chun
et al., 1991) and of only RAG-2 in the bursa of Fabricius
of the chicken (Carlson et al., 1991).

We have introduced a delstion in the RAG-1 gene of
pluripotent mouse embryonic stem (ES) cells (Evans and
Kaufmann, 1981) by the targeted gene disruption technique
(Capecchi, 1989) and produced mice homozygous for the
AAG-1 mutation (hereafter called mutant, homozygous
mutant, or RAG-1-deficient mice). These mutant mice do
not have any mature B and T lymphocytes. Flow cytome-
tric analysis of lymphoid organs reveals a blockade of lym-
phocyte differentiation at an immature stage, similar to the
situation described in the severe combined immunodefi-
ciency (scid) mouse (Bosma et al., 1983; Bosma and Car-
roll, 1891). Southern blot analysis of DMA from thymus
and bone marrow-derived Abelson-transformed cell lines
indicates that both TCR and immunoglobulin gene loci
remain in the germline configuration. In an accompanying
paper (Shinkai et al., 1992 [this issue of Cal]), a similar
phenotype is described in RAG-2-deficient mice. Taken
tagether, these data suggest that RAG-1 and RAG-2 are
both necessary in vivo either to activate or to catalyze the
VIDW recombination reaction.

Inview of the reported expression of RAG-1 in the central
nervous system (Chun et al., 1991), we have examined the
brain of the RAG-1 mutant mice by histological means, but
have not detected any overt structural abnormalities,

Results

Generation of the Mutation in RAG-1 in ES Cells

and in Mice

The targeting vector pPMKQ-31 (Figure 1) was con-
structed from a RAG-1 genomic clone isolated from a ge-
nomic DMA library made from ES cells of a 129/5v mouse,
in order to maximize homology between the targeting plas-
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Figure 1. Targeting Scheme

{Top) Targeting vector pPMKO-31. Open box, transiated RAG-1 se-
gquences; dark box, nec-seleciable marker. The location of the small
firat {untranslated) exon of RAG-1 has not been defined precisely and
i& therefore not indicated.

(Middle) Genomic structure of the RAG-1 locus. Hatched box., untrans-
lated RAG-1 sequences. Probes are: Bgl, for deleted seqguences, see
Figure 28; and M-N. external probe for screening of the ES clones.
The size of BamHI=Ncol genomic resiriction fragment hybridizing to
probe B-X is indicated below the double-arrowed line.

(Bottom) Conseguence of homolgous integration. Sequences (1356
bp) at the 5° end of RAG-1 are deleted. The transcription of the neo
gene is in the opposite orientation of RAG-1 {indicated with arrows).
The 8.1 kb BamHI-Ncol genomic restriction fragment 5 replaced by
a 8.2 kb fragment recognized on Southermn blot by using probe B-X
|see Figure 2A). Abbreviations for restriction sites: C, Clal; B; BamHI;
N, Mcol; A, Apal: X, Xhal; L, Bgll; M, Miul.

mid and the target sequences. Homologous integration
would create a deletion of 1356 bp in the 5° end of the coding
sequence of RAG-1. The resulting mutation is most likely
a null mutation, as the deletion encompasses about half
of the coding sequence of RAG-1 and includes both the
putative nuclear localization signal and the zinc fingar-like
motif (Schatz etal., 1989). Moreover, as the neo-selectable
marker is introduced in the opposite transcriptional arien-
tation, a polypeptide correctly initiated at the translation
start site would probably be prematurely terminated at the
level of the nec gene.

Thetargeting strategy employed was toisolate a number
of G418-resistant clones and analyze them individually by
Southern blot, since previous experience in our laboratory
had shown that the negative selection step utilizing the
herpes simplex virus-thymidine kinase gene (Mansour et
al., 198B) does not give a significant enrichment and that
targeting frequencies among the G418-resistant clones
are generally high enough for direct screening (Mom-
baerts et al., 1991; and data not shown). Using AB1 ES
cells (McMahon and Bradley, 1890), we obtained targeted
clones in two independent experiments: one (clone A103)
out of 130 G418-resistant clones in one experiment and
one (clone G113) out of 117 clones in another experiment,

Clone A103 was injected into C57BL/GJ blastocysts.
From those implanted females that became pregnant (rep-
resenting 194 implanted blastocysts), 29 male, 1 hermaph-
rodite, and 12 female chimeras were born, with an average
coat color chimerism of about 75%. Of 27 chimeric males
that were test mated to CD1 or C57BL/E females, 17 had
live offspring, and 12 were germiine chimeras. One out of
gight female chimeras had germline offspring. Clone A103
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Figure 2. Southern Blot on Tail DMNA

(&) Tail DMA was isclated from a litter of 13 mice of a (128/3v x CD1)
F1 heterozygote intercross. DNA was cut with BamHI and Mool and
hybridized to probe B=X. The upper band indicates the wild-type allele,
the lower band corresponds o the allele that has undergone homale-
gous recombination. Threa mice in the liter are homozygous mutant,
as they hawve only the lower band.

(B) The blot was stripped and hybridized with probe Bgl, which is
complementary o seguences within the deletion generated by the
targeting evenl, The three homozgous mutant mice do not contain
DMA saguences hybridizing to this probe

was also injected into eight BALB/c blastocysts, giving rise
to two male chimeras and one female chimera. This female
proved to be a germline chimera. Clone G113 did not give
rise to good chimeras,

(129/Sv = CD1) F1 heterozygotes were intercrossed to
produce homozygotes. Offspring were genotyped by South-
ern blot analysis of tail DNA (data from one litter are shown
in Figure 2). Of 20 newborn animals, 6 were homozygous,
and 33 out of 112 offspring genotyped after weaning were
homozygous.

Macroscopic Analysis

Mice homozygous for the RAG-1 mutation have proven
healthy and indistinguishable from their normal littermates
by visual inspection up to 21 weeks of age. RAG-1 mutant
mice are fertile. Two 12-week-old mutant males could
readily fertilize either a homozygous or heterozygous mu-
tant female. In the former case 12 pups were born, and
in the latter, 11. Both litters were raised successfully to
weaning.

We determined the number of cells in the lymphoid or-
gans of twelve mutant mice of varying ages (newborn and
3- to 9-week-old mice) in comparison with corresponding
wild-type or heterozygous littermates, The thymus of the
mutant mice contained 15 to 130 times fewer cells than
the wild-type or heterozygous littermates. One 4-week-old
mutant mouse had the highest number of thymocytes
among all mutant mice examined, but that was still 3.4 =
10° compared with 230 = 10° thymocytes in a wild-type
littermate. The numbers of nonerythroid cells in the spleen
of mutant mice of 3 weeks or older were between five and
ning times smaller than those in corresponding wild-type
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Figure 3. FACS Analysis of the Thymus

Thymus was isolated from either 4-, 5, or T-week-old mice. —/— inds-
cates homozygous mutant mouse, +/= indicates RAG-1-heterozygous
littermate, and +/'+ refars to wild-lype mousa,

(A) Forward scatter ([FSC) horizontally, reflecting the size of the cells;
side scatter (SSC) vertically, corresponding to the granularity of the
cells. The thymocyles of the mutant mouse are shifted to higher scatter
values.

(B) CD3 (FITC) horizontally and pan-TCR «f {PE) vertically. No CD3
or TCR off thymocyles exist in the mutant thymus.,

{C) CDB (FITC) horizontally and CD4 (biotin-PE} vertically. The dull
CDd staining in the thymus of the homozygous mutant mouse is not
reproducible and is further being investigated, No CDE=CD24 double
positive cells are observed in the mutant mouse thymus.

(D) Thy-1.2 (FITC) harizonally and IL-2 receplonCD25 (biotin=PE) ver-
tically. Mast thymocytes of the mutant mouse express the IL-2 re-
ceplor,

Figure 4. FACS Analysis of the Spleen and Bone Marrow

Samples are from same mice as in Figure 3.

{A) Spleen. A narrow gate was used on the splenocyles 1o visualize
the lympheid cells only (representing 72% of the nonerythroid cells
in the wildtype mouse and 32% in the mutant mouse). IgM (FITC)
horizontally and B220 (PE) vertically. In the mutant mouse, only B220
single positive cells exist. Even in the ungated population, no B220-
IgM double positive cells are found (data not shown). Percentages for
guadrants 1 and 2 are indicated at the corners of the figure.

(B) Bone marrow. Based on the control mouse, a narrow gale on the
lympheid population was used (21% of the total cells in the RAG-1
heterozygous mouse and 13% of the total cells in the mutant mouse).
Cnly dull B220 single positive cells are observed in the mutant mouse.

or heterozygous littermates. Visual inspection revealed a
stroma-like structure in the site where the inguinal lymph
nodes are located, but only a few nonerythroid cells if any
could be recovered from these structures. No other obwvi-
ous anatomical alterations were observed. As far as a po-
tential neurological deficit is concerned (Chun et al, 1981),
we have observed no obvious clinical symptoms to date.
The mutant mice are active, have a firm grip with their
forelimbs, can hear sounds, can walk on a pencil, can
sense heat and feel pain, and can swim as well as their
heterozygous or wild-type littermates.

Absence of Mature B and T Lymphocytes

Cells from thymus, spleen, and bone marrow were sub-
jected to flow cytometric analysis. Data are shown for 4-,
5-, or T-week-old mice (Figure 3 and Figure 4). The thymao-
cyles of the RAG-1-deficient mice are larger than those of
wild-type or heterozygous mice, as indicated by the in-
creased forward scatter (Figure 3A). No CD3-positive or
TCR ap-positive cells have been observed (Figure 3B).
The thymocytes are CD8-CD4 double negative (Figure
3C), and almost all of them are interleukin-2 (IL-2) recep-
tor—positive (Figure 30). Finally, they are Thy-1 positive
(Figure 3D), bright J11d-positive, bright Sca-1-positive,
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and CD5-negative (data not shown), Thus, thymocyte de-
velopment seems to be arrested at an immature stage.

The spleen does not contain any mature B cells, as
judged by the lack of staining by anti-lgM (Figure 4A) or
anti-lgD (data not shown) antibody. About one third of the
splenocytes (on & narrow gate for the lymphoid population;
see legend of Figure 4A) are B220 positive and may repra-
sent an early stage of B cell differentiation. A small fraction
of the splenocytes is Mac-1 positive (data not shown) and
could be macrophages, natural killer cells, or neutrophils.
Likewise, the bone marrow contains no mature, Ighd- (Fig-
ure £B) or IgD-positive (data not shown) cells. About one
fourth of the bone marrow cells (with a narrow gate on the
lymphoid population; see Figure 4B legend) are B220-
positive and could be early B cell precursors. The intensity
of the B220 staining is lower than the majority of the B220-
positive cells in the bone marrow of the normal mouse
{Figure 4B). The composition of the lymphoid population
in the lymphoid organs of the RAG-1-deficient mouse is
gimilar to that of the scid mouse (Bosma and Carroll, 1991).
We also measured by ELISA serum Igh levels of seven
mutant mice of 5-16 waeks and found that Igh is undetact-
able (data not shown). It has been shown that the serum
IgM level is a sensitive indicator for leakiness in the case
of the scid mouse (Bosma and Carroll, 1991).

In summary, no mature B or T lymphocytes have been
observed in the lymphoid organs of twelve RAG-1 mutant
mice up to the age of 9 weeks, and no serum Igh up to
the age of 16 weeks. It remains to be ssen whether any
leakiness in the phenotype occurs at an older ags.

Establishment of Abelson-Transformed Lines

The Abelson murine leukemia retrovirus was used 1o
transform bone marrow cells from a S-week-old female
mutant mouse and from a wild-type female littermate. A
similar number of cell lines grew up in both mice
(transformation efficiency was 1.19 x 10~*for homozygote
and 8.74 x 10°* for wild-type), as has been reported for
the scid mouse (Mulop et al., 1988). All of the Abelson
retrovirus-transformed lines are B220 positive (data not
shown) and contain RAG-2 and A5 (Sakaguchi and
Melchers, 1986) RNA (Figures 5A and 5C). It is therefore
likely that these cell lines originated from immature B cells.
Mutant RAG-1 transcripts are present in all of the cell lines
established from the mutant mouse (Figure 5B).

Absence of V(D)J Recombination

To confirm that the absence of mature B and T lympho-
cytes is due to a defect in V(D) recombination, Southern
blot analysis was performed with DMA from the thymus
and the Abelson-transformed lines. The 3'J; probe (Chien
et al., 1987) allows the analysis of rearrangements involv-
ing Dz or Js: and all V.-J, rearrangements (in the latter
case the TCR & locus is deleted). Thymus DMA, isolated
from 4- or 7-week-old RAG-1-deficient mice, showed no
rearrangemeants (Figure GA), whereas thymus DNA of
a 7-week-0ld scid mouse showed a low level of rear-
rangements (Figure 6A) that are presumably aberrant
{Carroll and Bosma, 1991). When a 5' Dy, probe was usad,
no rearrangemeants were observed atthe TCR B locus (Fig-
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Figura 5. Marthern Blet Analysis of Expression of RAG-2. RAG-1. and
45 in Bone Marrow-Derived Abalson-Transtormed Lines

AMA was isolated from individual Abelson lines. The blot was hybrid-
ized to: (A) & BAG-Z probe (48 hr exposure); (B) the RAG-1 probe
B-X (12 hr exposure); (C) a 15 cDNA probe (6 hr exposure); (D} a 1.5
kb Aval-BamH| fragmem from the human 2-actin gene. Lanes 1-13:
Abslson lines from RAG-1-deficient mouse; lanes 14=16, Abslsonlines
from wild-type Iitermate. The cell line represantad by lane 16 gave
neither RAG-1 nor RAG-2 RMNA band. This i5 nol unusual because
large variations in the levels of RAG-1 and RAG-2 AMA in Abselson-
transformed lines from normal mice have recently been observed
[L.-C. Wamng and M. Rosenberg. personal communication),

ure 8B), whereas the scid thymus shows a faint additional
band that probably represents a D-J rearrangement (Ma-
lissen et al., 1984). ATCR C, probe was used as a control
for loading and Southern transfer efficiency of the DMNA
samples (Figure 8C). Lane 4 (sample of wild-type mouse)
is clearly underlpaded, but this does not affect the conclu-
sions, We also analyzed DNA from the bone marrow-
derived Abelson lines with an immunoglobulin Ju probe.
Allofthe celllines derived from the RAG-1-deficient mouse
revealed a germline configuration, but none of the lines
derived from the wild-type mouse retained the IgH locus
in a germline configuration (Figure 7).

In conclusion, the inability to perform V(DL recombina-
tion is the most likely explanation fo the absence of mature
B and T lymphocytes.

Histological Analysis of the Brain
In light of the reported presence of RAG-1 transcripts in
the brain of the mouse (Chun et al., 1921), we assessed
the effect of the RAG-1 mutation on the structure of the
mouse brain by histological means, although no obvious
behavioral deficit was observed (see above). Brains of
7- and §-week-old male homozygous mutant and wild-
type littermates were examined in serial sagittal sections
stained with cresyl violet.

Mo significant defect could be found in the structure of
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Figure 6. Southern Blot Analysis of TCR Rearrangements in Thymus

{A) DMA from 5 = 10F cells was digested with EcoRI. The Southern
blat was hybridized tothe 3'J, probe. The size of the germiing fragment
i 7.5 kb. Lane 1, AB1 ES cells; lane 2, thymacyles from a 4-week-old
wild-type mouse. lane 3, thymocytes from a homozygous mutant
mouse that is a littermate of the mouse in lane 2; lane 4, thymocytes
from a 7-week-old wild-type mouse; lane 5, thymocytes of a homozy-
gous mutam littermate of the mouwse in lane 4; lane &, thymeeytes from
a T-week-old scid mouse. There i no evidence for rearrangements in
e thymus of the mutant mice. The scid thymua has two faint bands
findicated with arrows) that probably represent D=D or D-J rear-
ramgermnents,

{B) The blot was stripped and hybridized 1o the 5T, prabe. The germ-
lime band is at 9.4 kb, Mo rearrangements are observed in lanes 3 and
5, whereas in lanes 2 and 4, no signal Is visible a1 the leval of the
germline band as the DNA sequences complementary 1o this probe
arg deleted (V-D-J rearrangement} or have an altered size (D=J re-
arrangament). A faint band {indicated with an arrow) is visible in the
scid thymus and probably corresponds 1o a D-J rearrangement,

(C) The biot was stripped again and hybridized 102 TCR C, probe. The
intensity of the bands serves 1o control for variations in amount of DNA
lpaded and Southern transfer efficiency. As the DNA sample from the
wild-type mouse in lzne £ is underloaded, the data in lane 4 of Figures
BA and 6B are not relevant, but this does not affect the conclusions.

the brain of the mutant mice when compared with contral
litermates. On gross examination, all major external fea-
tures of the RAG-1-deficient brain were normal, including
its size and the relative placement of the various fissures
and major nerve roots, Histological examination revealed
that, 1o a first approximation, most major nuclel found in
the wild-type littermate (Figure 8A) were present in the
mutant mouse (Figure BB) and were normal in size and
cellular appearance. Mo structural alterstions were ob-
served,

We focused particular attention on the hippocampus
and the cerebellum, as these are the two regions that were
claimed to have the highest levels of RAG-1 expression by
in situ hybridization (Chun et al., 1981). Comparison of
Figure BA (wild-type) with Figure BB (mutant) shows a
nearly identical pattern of foliation of the cerebellar cortex.
Similarly, the macroarchitecture of the hippocampus is
unaltered in the mutant mouse (Figures 8A and 88). High
magnification views of both cerebellum (Figures 8C and
8D} and hippocampus (Figures 8E and 8F) reveal no distor-
tion of the microarchitecture of the mutant (Figures 8D and
8F) compared with the wild-type (Figures 8C and 8E) brain,
As these areas both are sensitive indicators of pattern
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Figure 7. Southern Blot Analysis of Endogencus IgH Rearrange-
menis in Bone Marrow-Derived Abelson-Translommed Lines

DMA was isolated from individual Abelson lines and cut with EcaRl.
The blot was hybridized with a 1.9 kb BamHI-EcoRl fragment con-
taining Ju; and J.. (Sakano et &l., 1980). Lane 1, CSTBL/E liver; lanes
2-18, Abelson lines derived from bone marrow of a S-week-old RAG-1
mutant mause; lanes 19-26, Abelson lines derived from bone marrow
of a wild-type littermate

alterations (Nowakowsky, 1984; Joyner et al., 1991), their
normal appearance in the mutant suggest that the ab-
sence of AAG-1 function does not interfere in a major way
with developmental events such as neurogenesis, migra-
tion and differentiation.

Discussion

RAG-1 and RAG-2 Are Both Required for

V(D)J Recombination

In this report, we describe the generation and the initial
analysis of mice with a mutation of the RAG-1 gene, which
has been implicated in the regulation or the catalysis of
V(D)J recombination (Schatz et al., 1989). The data show
that this gene is necessary in vivo for VD)) recombination
o occur. The presence of RAG-2 transcripts in the Abel-
son-transformed lines derived from the RAG-1 mutant
mouse indicates that the mutation introduced in the RAG-1
gene does not inhibit the expression of the closely linked
RAG-2 gene, Formal proof, howeaver, that the lack of V(D)W
recombination is due solely to the targeted disruption of
RAG-1 awaits complementation of the V(D)) recombina-
tion defect either by transfection of the Abelson-trans-
formed lines with a RAG-1 expression plasmid or crossing
the RAG-1-deficient mice to RAG-1 transgenic mice.
RAG-1 transcripts of a slightly longer size that are ob-
served in the RAG-1-deficient lines are unlikely to give rise
to any functional protein (see Results).

Cur data, taken together with those of the RAG-2-
deficient mice described in the accompanying paper
(Shinkai et al_, 1992}, support the hypathesis that both the
RAG-1 and RAG-2 gene products are required in vivo for
VID)J recombination, as in transfected fibroblasts (Oet-
tinger et al., 1980). The low level of rearrangements ob-
served with an artificial substrate upon transfection of ei-
ther the RAG-1 or RAG-2 gene into 3T3 fibroblasts (Schatz
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et al., 1989) can be explained by leaky transcription of,
respectively, the endogenous RAG-2 or RAG-1 gene.

Immature B and T Cells

Flow cytometric analysis of cells from lymphoid organs
reveals the absence of mature B and T lymphocytes, which
is most likely the result of the deficit in V(D) recombina-
tion. B and T cell precursors need to produce functional
antigen receptors on their surface in order to survive (Rol-
ink and Melchers, 1991: von Boshmer, 1938). In the case
of the T cell lineage, it is well established that the precur-
sors that fail to produce a TCR do not underge the process
of positive selection (von Boehmer, 1988). Thus, like in the
scid mouse (Bosma and Carroll, 1991), the thymus of the
RAG-1 mutant mouss remains small and containg imma-
turg, large, CDB-CD4 double negative thymeocytes ex-
pressing the IL-2 receptor. Likewise, the bone marrow and
the spleen of the RAG-1 mutant mouse contain a popula-
tion of dull B220-positive cells, a fraction of which may
represent pro-B cells. Some of these cells may serve as
targets for transformation by the Abelson retrovirus.

No Leakiness Observed
The combination of the flow cytometric data, Southern
blot analysis, and serum IgM ELISA measurements has
revealed no leakiness in the phenotype to date. It remains
o be seen whether any leakiness will be observed when
older mice or a larger number of mice are examined. For
instance, since serum Igh is a sensitive indicator of B cell
development, we intend to follow it by serial bleeding as
mice age. We can also follow immunoglobulin and TCR
rearrangements by the sensitive polymerase chain reac-
tion technigue.

The observations made to date are in contrast to those
in the scid mouse. Using the same 3'J; probe (Chienetal.,

Figure 8, Histological Analysis of the Brain
Histalogical comparison of the brains of RAG-1
mutant and wild-type littermates. The top pan-
els represent low magnification views of mid-
sagittal sections of wild-type (4] and mutant (B)
brain; rastral is to the right, caudal to the left
(20.4x). Mote the near identity in the faliation
pattern of the cerebellar cortex and the close
congruence of the structure of the hippacampl.
Higher magnification of cerebellar cortex re-
veals no alterations in the density or Nissl mor-
phalogy of cells in the malecular, Purkinge, or
granule cell layer: (C) wild type (D) mutant
(GE0x). Likewise, the cyloarchitecture of the
hippocampus is similar in wild-type (E) and mu-
tant (F) braing [162x),

1887) as the one used in our study, D-J rearrangements at
the TCR & locus have been reported for scid mice (Carroll
and Bosma, 1991), as can be seen in Figure BA. As thase
mice grow older, some B and T cells express a func-
tional antigen receptor and form an cligoclonal repertoire
{Bosma et al., 1988; Carroll and Bosma, 1988; Carroll &t
al., 198%9; Bosma and Carroll, 1991). This leakiness is
partly the result of reversion of the mutation in individual
lymphocyte progenitors (Petrini et al., 1990). As a result,
serum levels of lgM increase in scid mice as they age
{Bosma and Carrall, 1991),

If the RAG-1-deficient mice indeed turn out to be non-
leaky, as the data abtained to date suggest, these mutant
mice may prove to be a useful alternative to the scid mouse
for a variety of studies, such as the efforts to produce a
human immune system in the mouss—the “SCID-hu
mouse” (McCune et al, 1988; Mosier et al., 1988)—as
an animal maodal for AIDS, and reconstitution or infection
experiments (McCune, 1991). Indesd, in addition to the
leakiness, the scid mutation has at least two other draw-
backs comparad with the RAG-1 mutation: the gene has
not been cloned, and the genetic defect is known to be
pleiotropic affecting other processes, such as double-
strand break-related DMA repair, which results in in-
creased sensitivity to ionizing radiation (Fulop and Phillips,
1990; Biedermann et al., 1291; Hendrickson et al., 1991).

Mo Overt Structural Alterations in the Brain

The brain is the only nonlymphold organ in which RAG-1
RMA has been claimed to exist (Chun et al., 1991). Further-
mare, unlike lymphoid organs in which RAG-1 and RAG-2
are invariably coexpressed (Oettinger et al., 1990), the
brain has been claimed not to express BAG-2 (Chun et al_,
1981). On the basis of these observations, it has been
speculated that a V(D)J or V(D)J-like recombination may
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take place in the brain (Chun et al., 1991; Altet al., 1991).
Our RAG-1 mutant mice offer a direct test of the hypothesis
that the RAG-1 gene product plays a physiclogical role in
the brain including promoting somatic DNA rearrange-
ment. Howaver, our initial analysis of such mutant mice
revealed no obvious behavioral or neuroanatomical abnor-
mality. In particular, we observed no cytoarchitectural al-
terations in the cerebellum or the hippocampus, the sites
at which the highest levels of RAG-1 transcripts in the
central nervous system were reported (Chun et al., 1991).
Both regions are sensitive to perturbations in pattern for-
mation, making the absence of a structural defect all the
more intriguing.

Several explanations can be offered. First, the observed
RAG-1 transcripts may be superfluous and have no physi-
olegical function. For instance, they may not be trans|ated.
Second, thera may be an alternative mechanism for what-
ever function RAG-1 performs in the brain, i.e., there could
be genetic redundancy. Third, the absence of the RAG-
protein may affect development and functioning of the
mouse brain, but the repercussions may be subtle and
have escaped our analytical methods.

With respect to the last possibility, itis interesting to note
that in the immune system V{D)J recombination is essential
for maturation and expansion of lymphocytes and that the
mutation in RAG-1 leads to gross diminuition of lymphoid
organs. By contrast, there clearly is no dependence of this
scale on the RAG-1 product in any of the major subregions
of the brain. It is, however, feasible that functional deficits
exist in the absence of obvious structural alterations. We
will continue to look for such deficits, especially in the
areas of olfaction (Buck and Axel, 1991) and learning and
MEmory.

Experimetal Procedures

Construction of Targeting Vector

RAG-1 was cloned by screening a genomic EMBL-3 phage library
prepared fram D3 ES cells (Gossler et al., 1988) (gift from Alcing Silva)
with a probe generated by the polymerase chain reaction lechnique
{gift from Asa Abeliovich). One positive phage out of 1.2 million plaques
screened was purified and mapped by restriction enzyme analysis. A
8 kb Clal and a 8.5 kb BamHI-Clal fragment ware subcloned into
pBluescriptfSK— (Stratagene) and mapped further. The largeting vec-
tor pPMKO-31 was constructed in a quatrimolecular ligation reaction,
using a & kb Clal-Apa | fragment upstream of the RAG-1 coding se-
guence (ending at position 482), a 1.8 kb fragment containing the pgk-
neo gene (Adra et al., 1987) (gift from Michael A. Rudnicki) excised with
Apal and BamHI, a 1277 bp Bgill-Miul fragment containing sequences
between positions 1837 and 3113, and the plasmid pGEMT (Promega)
cut with Clal and Miul, This targeting vector is designed to delete 1356
nucleotides of the RAG-1 coding sequence between positions 482 and
1837 and replace it with the pgr=neo gene, transcribed in the opposite
orientation. The source of the pgk-neo gene is the plasmid pKJ1,
described in Tybulewicz et al. (1991),

Targeting Experiment

ES cells were grown on mitomycin C or y-irradiated primary embryonic
fibroblasts, and during the selections on G418-resistant fibroblasts
igolated from transgenic embryos carrying a meo resistance geneg (Gos-
sher etal., 1986). The medium composition was as described in Robert-
son, 1987, About 5 x 107 AB1 (McMahon and Bradley, 1990) ES cells
were electroporated with 75 ug of Miul linearized pPMKO-31 using a
Bic-Rad Gane Pulser set a1 800V and 3 pF. Selaction was initiated 20
hr later at & concentration of 125 to 180 pgiml active concentration of
G418 (Gibco). Colonies were picked from day 6 to day 9 of salection

inte 96 or 24 well dishes (Costar) and expanded. Half of a 24 well dish
was frozen down and the other half used 1o isalate DNA for Southern
blat analysis. The colonies were screenéd individually by cutting geno-
mic DMNA with BamHI| and Xhol and probing the Southern blots with
the external probe M=N, & 268 bp fragment containing RAG-1 coding
gequences batween positions 3113 and 3380 (Schatz ot al., 1989).

Generation of Chimeric Mice

Chimeras were generated as described in Papaiocannou (1881) and
Bradley (1987). Litters of hetarozygous intercrosses were housed in
autoclaved micro-isolator cages with autoclaved food and water bagin-
ning at birth.

Screening of Mice

Mice were screened for homozygosity by Southern blot analysis on
genarmic 1ail DNA isolated according to Laird &t al. (1991). The DMNA
samples wers cut with BamH| and Neel (see Figure 2) or with Pstl, and
the Southern blots were probed with probe B=X, a 1544 bp fragment
containing RAG-1 coding sequences between positions 1837 and 3380
{Schatz et al., 1869). Southern blots were exposed wsing a Fujix Bio-
Image Analyzer BAS2000.

Flow Cytometric Analysis

10 to 10° cells were preincubated in 96-well round bottom dishes
(Costar) for 20 min in 12.5 ul containing 5 pl of staining solution (com-
posed of phosphate buffered saline [PBS]. 0.1% sodium azide, 1%
fetal calf serum) and 2.5 pl each of normal hamster, normal mouse
(Jackson ImmunoResearch), and normal rat serem (Caltag). The prain-
cubation with serum was ommitted in the stainings with goat anti-
mouse u. The samples were then stained by adding anather 12.5 ul
of staining solution containing 0.25 ul of antibedies either biotinylated
or conjugated with fluorescein isothiocyanate (FITC) or phycoerythrin
{PE). The antibodies used were: 2011 for CD3- (Pharmingen), H57-
587 for TCA af (Pharmingen), 53-6.7 for CDA8 (Becion Dickinson),
GK1.5 for CD4 (Pharmingen), 53-2.1 for Thy-1.2 (Pharmingen). PC 61
5.3 for IL-2 receptor’CD25 (gift from Kunko Sanc), goat anti-mouse
immunoglobulin i (Caltag), AA3-6B2 for B220 (Boehringer Mann-
neim), M1/70 for Mac-1 (Boehringer Mannheim), 53-7.3 for CD5 (gift
from Pablo Pereira), J11d (gift from Pablo Pereira), and anti-Sca-1 (gift
from Peggy Goodell). Cells were stained for 30 min, washed twice with
slaining salution, incubated in 25 pl of staining solution contain-
ing streptavidin—PE (Southern Biotechnology) at a 1:200 dilution,
washed once in staining solution, once in PBS containing propidium
iodide, and finally resuspended in 200 ul of PBS. Cells were Kept on
ice during the staining procedure and spun in a refrigerated centrifuge.
Flow cytometric analysis was carried out with a Becton Dickinson FAC-
Scan using FACScan software. Dead celis were gated out by means
of propidium iodide Staining. Five thousand to seventesn thousand
events were aoquirgd using a large gate, and the lyrmphoid population
was analyzed with a narrower gate based upon forward scattar and
side scatier.

Southern and Northern Blot Analysis

TCR a and & rearrangements were analyzed by cutting genomic DMNA
from thymus with EcoRl and hybridizing with the 3'J,, probe described
in Chien et al. (1887) (gift from Yoichi Shinkai). TCR [} rearrangements
were analyzred by hybridizing with a 50, probe, a 1.2 kb Pstl fragment
isolated from cosmid 2.3WT (Malissen et al., 1884). The TCR C, probe
was a 0.6 kb Bglll-BamH| fragment (Mombaerts et al., 1991). Immung-
globulin heavy chain rearrangemeanis were analyzed by culting with
EcoRl and hybridizing with & 1.9 kb BamHI-EcoRl JH probe (Sakano
et al., 1980).

The RAG-2 probe is & 246 bp fragment clone into pLKC12 with the
following polymerase chain reaction primers: 5-ATGTCOCCTGCAGAT-
GGTAACA -3 (position 156 to 176 in Oettinger et al., 1980) and
S“GCCTTTEGTATRAGCAAGTAGC-3 (position 401 to 381 in Oettinger
et al., 1880). The L5 (Sakaguchi and Melchers, 1586) cDNA probe was
& gift from Eugene Oitz.

Establishment of Abelson-Transformed Cell Lines

The Abeison muring leukemia virus was used to transform bone mar.
row cells as described in Rosanberg and Baltimaore, 1978, Transforma-
tion efficiency was determined by counting the number of colonies in
soft agar per 2 x 10° infected bone marrow cells.
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Histology of the Brain

Mice were deeply anesthetized with avertin, perfused for 2 min with
FBS. and then with 4% paratormaldehyde in phosphate buffer (0.1 M,
[pH 7.4]) tor 15 min. Following perfusion, the brain was remaved from
the skull and stored in fresh paraformaldehyde avernight at 4°C. The
brains were bisected at the midling and embedded in polysster wax
(palyethylene glycel distearate 400) according to the protoced of Mullen
(1977). Serial ten micron sections were collected, mounted on gelati-
nized slides, and stained with cresyl violet.
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