On Somatic Recombination in the Central Nervous
System of Transgenic Mice

Cumplete immunoglobulin (Ig) and T cell
receptor (TCR) penes are generated by
developmenrally controlled DNA  rear-
rangement referred to as V(D)] recombina-
tion or V(D] joining {1). V{D}] recombi-
nation has been thought to be restricred to
lympheoid cells and, until recently, there
had been no evidence rhar recombinarion
signal sequence (RSS)-mediated recombi-
nation of non-lg or non-TCR genes oc-
curred during normal vertebrate develop-
ment. However, it had been speculated
that this or similar types of somatic DNA
rearrangement might play a role in mam-
malian cell differentiation (2). Interest in
this hypothesis was refueled by the report
that RAG-] rranscripts were present, albeit
in low numbers, in the central nervous
system (3). Furthermore, it was reported
thar somatic recombination was derectable
in the brains (4) of Tg mice that harbored a
V(D] recombination substrate. A second
study (5) reported a small amount of V(D))
recombinarion in the brain, bur rhis was
attributed to lymphocyte contamination.
We had independently construcred similar
Tg mice whose initial analysis (6) generated
data consistent with the occurrence of
V(D] recombination in the brain. Howev-
er, further analysis has led us to a different
interpretation of thar data.

In order to prepare a Teg V(D)) recom-
bination substrate, we constructed a plas-
mid pSPH-1 (7). This plasmid contained
the transcriptional promoter and enhancer
of the mouse phosphoglycerare kinase-1
gene (pgk-1) (8), a pair of RSSs derived
from the Ig V ;- and ], gene segments
(9, and a reporter gene lacZ encoding
bacterial B-galactosidase. The reporter gene
lacZ was placed in an orientation opposite
to that of the promoter so that RS5-medi-
ated inversional recombination would acri-
vate its expression (Fig. 1). Cells expressing
l1cZ can be detecred histochemically after
staining with X-gal. Alternarively, inver-
sional recombination can be detected more
directly at the molecular level by the poly-
merase chain reaction (PCR) method (10)
with the use of appropriate primers. We
used both of these merhods.

We generated Tg mice by injecting the
pSPHI insert into C57BL/G] zyvgotes (11).
We analyzed the heterozygous progeny of
five Tg lines (1-7, 1-20, 1-21, 1-28, and
1-39) for expression of B-galactosidase ac-
tivity by histochemistry (12). Liver sections
of all Tg lines were negative for B-galacto-
sidase activity. We observed considerable
enzyme activiry in kidnev, spleen, and rthy-
mus sections, but also in the non-Tg litter-

404

mates (presumably because of endogenous
B-galactosidase activiey). We observed
B-galactosidase activiry in the brain of two
of the five Tg lines, 1-7 (Fig. 2) and 1-20;
we saw no such activity in non-Tg litter-
mates. Regions of the brain in which we
saw intense B-galactosidase activity in the
Te line 1-7 (Fig. 2) include the hippocam-
pus (the dentate gyrus and the CAl and
CA3 fields), the cerebral cortex (especially
the superficial layers), the superior colliculus
(upper layers), nuclei of the dorsal tegmen-
tum, and the cerebellum (especially its mo-
lecular and Purkinje cell layers). Sparse
B-galactosidase activity also appeared in oth-
er sites (Fig. 2A). There was low expression
in the striatum and in much of the thalamus.
In Tg line 1-20, we observed a roughly
similar partern of X-gal staining, bur the
staining was weak. In both lines, the X-gal
staining was region-specific. Cells wirh B-ga-
lactosidase activity appeared to be neurons
in both Tg lines. The staining appeared to
be limired to a small {2 to 5 pm), eccentri-
cally located compartment of the cytoplasm
(Fig. 2, C and E). Both we and Marsuoka et
al. detecred X-gal staining in the cerebral
cortex and the hippocampus, but the pat-
terns differed considerably in other regions,
such as the cerebellum, where Matsuoka et
al. saw X-gal staining in the granule and
Purkinje cell layers and we saw staining
primarily in the molecular cell layer.

In order to test whether R35-mediated
inversion had occurred in some rissues of
the Te mice, we analyzed genomic DINA by
PCR using primers 1 and 2 (Fig. 1). If the
Tg R53s underwent an inversional V(D))
recombinarion, a 328-bp DNA fragment
containing the joined RSSs would be gen-
erated by PCR (Fig. 1). The predicted
318-bp product was observed with the
DNA isolated from the thymus of the Tg
line 1-7, but not with thar from non-Tg

mice or from any of the other four Tg lines
(1-20, 1-21, 1-28, and 1-39) (Fig. 3A). We
cloned the 328-bp fragment and deter-
mined its nucleotide sequence. It contained
the precisely head-to-head joined Tg R55s.
We analyzed DNA isolated from additional
tissues of each Tg line, but none of the
tissues derived from any Tg lines other than
line 1-7 produced the 328-bp DNA frag-
ment. In line 1-7, only spleen and thymus
produced the 328-bp DNA fragment; and
liver, cerebral cortex, ovary, muscle, kid-
ney, and lung were negative (Figs. 3, B and
C). We also analyzed DNA isolated from
cerebral cortex and hippocampus of line
1-7, regions in which B-galactosidase—pos-
itive cells were abundant (Fig. 2) and DNA
isolated from the striarum, where those
cells were rare (Fig. 2). We did not detect
the 328-bp DNA fragment in these rtissues
(Figs. 3, B and C).

We estimarted the sensitivity of this PCR
assay for the derection of V()] recombi-
narion by analvzing a fixed amount of non-
Te thymus DNA mixed with different
amounts of Tg (line 1-7) thymus DNA
(Fig. 3C). The 328-bp DNA fragment was
detectable in DNA samples in which the
Te thymus DNA constituted only 1 part in
1000 of the total DNA. As only a fraction
of the thymus cells from the Te mice would
have undergone RSS-mediated recombina-
tion, these data indicate that the sensitiviry
of the PCR method is at least 1 in 1000
cells. In some parts of the brain the propor-
tion of B-galactosidase-positive cells among
total nucleated cells far exceeded the sen-
sitivity of the PCR method. For instance,
we estimated their proportion in the cere-
bral cortex to be 1 to 10% (13), a figure at
least one to two orders of magnitude greater
than the PCR detection limit. We there-
fore conclude that the majority of B-galac-
tosidase—positive cells observed did not re-
sult from RS5-mediated inversion. We also
analyzed the absolute sensitivity of this
PCR assav by carrying out a reconstitution
experiment (14) in which different amounts
of plasmid DNA containing pgh-1 promoter

Fig. 1. Schematic representa- RS5-A R35-8
tions of the Tg V(D)J recombi- g BT - T
nation substrate (top) and the [ /Pgi-1Promoter ——] FA -] bH—
predicted product (bottom) of N

a V{D)J recombination event,

(Top) In the substrate the bac-

lerial p-galactosidase gene, L 3 5 ¥
lacZ, is orented inversely to T Proier r

the pgk-1 promoter. Recomibi- Lt i _m—.z ‘__-f '_I_-
nation  signal sequences 4 z &
{ASS-A and ASS-B) flank lacZ 328 bp

and are comprised of hep-

tamer (rectangle), nonamer (triangle), and spacer elements. (Bottom) V(D)J recombination of the Tg
substrate is expected to join the two ASSs precisely and to invert lacZ, thereby activating its
transcription by the pgk-1 promoter. Oligonucleotide primers used for PCR amplification (small
arrows) are numbered. PCR ampilification of the predicted product of 2 V(D)) recombination event
with primers 1 and 2 results in the 328-bp product indicated at bottormn
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Fig. 2. Patterns of B-galactosidase activity in Tg line 1-7 mouse brain detected
with ¥-gal histochemistry in frozen sections 40 wm thick (12). (A) Photomicro-
graph of uncounterstained parasagittal section illustrating locations of intense
p-galactosidase activity, B-galactosidase—positive cells appsear black There iz
high expression in posterior corex and in ventral fromtal corlex, in Superior
colliculus, and in some ventral forebrain and brainstem nuclel. CCx, cerebral
cortex: CP, caudoputamen; SC. superior colliculus; 12, inferior colliculus; Chill,
cerebellum, (B to E) Photomicrographs showing X-gal staining for B-galacto-
sidase acthity (blug) in seclions counterstained with neutral red (red) to indicate
neurans and glia. (B), (C), and (E) show high-magnification views of regions
indicated by the same letlers in the parasagittal section illustrated in (D). This
saction was one of those used for cell counting (13). Scale bars in (B), {C), and
(E). 50 wmm. (B} Posterior neocorex, with congentration of p-galactosidase-
positive cells in superficial layers, fewer B-galaciosidase—positive cells in deep
layers, and fewsst in intermadiate layers, (C) Close-up view of supearficial cortical
layers shown in (B) (asterisks mark corresponding locations). Arrows indicate
extreme eccentric position of many of the blua B-galactosidase-positive spols at
cytoplasmic edges of neurons. Double staining of B-galactosidase—posilive spotls
with microglial markers was negative. (E) High-magnification view of dentate
cvrus of hippocampus, Arrow points to eccentrically located B-galactosidase-
positive spot in large neuron
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and lacZ sequences in a direct orientation
were mixed with a fixed, bulk amount of Tg
cerebral cortex DNA. The results suggested
thar our PCR conditions would detect as few
as one to ten recombination events among
10° cells. These results confirmed thar, if
W{(D}] recombination occurs in the nonlym-
phoid tissues that we examined, it is rare.
If not an RSS-mediared inversion, what
mechanism allows B-galactosidase to be
expressed in the brain? To answer this
question, we synthesized cDNA of lacZ

mBRMNA izolared from the brain of Tg line
1-7, cloned the amplified cDNA (15), and
determined the nucleotide sequences of the
clones. Among nine tandomly selected
clones (Fig. 4), one (1-2) produced se-
quences that started at RS5-B (Fig. 1). This
cDNA did not indicare whether the report-
er lacZ gene was rearranged. On the other
hand, the sequence of each of the remain-
ing eight cDNA clones began farther up-
stream, and six of these began within the
pak-1 promoter. The promoter was used in
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Fig. 3. (A) V{D)J recombination of the Tg substrate detected in the thymuses of mice from Tg line
1-7 but not in the thymuses of mice from other Tg lines (1-28, 1-39, 1-21, 1-20) or in the thymus of
non-Tg control mice (C). One microgram of genomic DMNA was digested with the rastriction enzyme
Eco R, precipitated by ethanol, and then subjected to 30 cycles of PCR (24) with primers 1 and 2
[Fig. 1). Ten percent of the PCR products was then separated on & 2% agarose gel and examingd
by DMNA (Southern) blotting. 3*P-labeled cligonuclectide 29, a 32-bp oligonuclectide that includes
RSS-B, was used as a hybridization probe. (B) V(D] recombination of the Tg substrate, which is
limited to the lympheid organs in mice from Tg line 1-7. Assays performed as in (&), CCx, cersbral
cortex. {C) Sensitivity of the PCR assay. To establish the detection limit of this assay. thymus DNA
from strain 1-7 Tg mice was mixed with thyrmus DMA from non-Tg [ittermates. The proportion of the
Tg DNA in sach sample is indicated. Each sample consisted of 1 pg of DNA Assays were
performed as described in (&) except that 40 cycles of PCR were performed instead of 30. & very
faint band was visible in the 10-° dilution sample which appearad at very low dilutions of fransgene
thymus ONAC we presume it is & PCR artifact, CCx, cerebral cortex, (D) Abundant transciption of the
lacZ transgenes in the brain. Poly(A) " —positive RNA was isolated (25) from mice that had been
perfused with 13 sodium nitrate in phosphate-buffered saline and then with demoribonuclease |
(2F). One microgram of poly(a)* AMNA was reverse-transcribed (+), or the reverse transcriptase
was omitted (—), to establish that PCR products were derived from RMa and were not contaminating
genomic DNA. Samples were subjected to 30 cycles of PCR (24) with primers 5 and 6 (Fig. 1), and
then 10% of the PCR products was separated and examined by Southern blotting as in (&).
EP.labeled oligonuclectide 13 (5'-GTCCAAACTCATCAATGTATCTT-3") was used as a hybridiza-
tion probe. PCR analyzis was also performed with R-actin-specific primers 11 (5'-GGATGCA-
CAAGGAGAT TACT-3" and 12 (2"-AAAACGCAGCTCAGTAACAG-3') under the sarms conditions in
order to establish that equivalent amounts of cONA were present in the wo samples (right). An
agarose gel stained with ethidium bromide is illustrated.
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the orientarion opposite to the convention-
al one, and no RE5-A sequence was present
o these cDNA's adjacent to the R3S-B
sequences, which would be expected if the
eDMNA had been derived from mRNAs
transcribed from the inverted lacZ gene
(Fig. 13. It is likely that these cDNA
sequences were derived from mBNAs thar
were transcribed from the unrearranged lacZ
gene by using, in the backward orientation,
the pgk-1 promoter of the adjacently insert-
ed plasmid copy (Fig. 4). The Tg line 1-7
conrains about ten such tandemly integrat-
ed copies of the plasmid. Bidirectional ac-
tiviy of promoters of some eukarvotic
housekeeping genes, including the human
pgk-1 promoter, has been reported (16}, bur
the cell type and tissue-specific regulation
of the “backward” transcription has been
unknown. The patterns of Tg B-galacto-
sidase (lacZ) expression that we found in
the brains of the Tg mice appear to reflect,
at least in part, such regulation.

The lack of ViD)] recombination of the
Tg substrate in the brain may have resulted
from either a lack of recombinase activity or
an inaccessibility of the substrate. The lat-
ter condition seems to be correlated with
the absence of rranscripts (17). Our abiliry
to clone the cDNA of lacZ mBNA from the
brain of the Tg line 1-7 suggested that the
Tg substrate is accessible in this organ, but
there nevertheless remained the possibiliny
that the level of lacZ transcription was
insufficient for V(] recombination to oc-
cur. We therefore used a PCR assay with a
relatively low number of reaction cycles
{that is, 30} in order to compare the levels
of lacZ rranseription in the brain and the
spleen of Tg line 1-7. We found the trans-
gene to be rranscribed more strongly in the
brain than in the spleen (Fig. 3D). These
dara reinforce the argument that the lack of
W{D] recombinarion in the brain does not
result from the inaccessibility of substrate,
although we cannot rule our the possibility
that the transgene is inaccessible in restrict-
ed regions or during developmental stages
of the nervous system where or when V(D]
recombinase is available.

Although we focus on a single trans-
genic line in this study, we believe our
conclusions are valid because in this line
WD recombination does rake place in the
lymphoid organs, and therefore the trans-
gene present in this line is fully capable of
undergoing V(D)] recombination. We, of
course, do not rule out the possibility thar a
small fraction of the P-galactosidase-posi-
tive cells did undergo VD] recombinarion
ar a frequency thar was smaller than the
detection limit of the PCR assay. However,
this does not change our conclusion that
evidence for somatic ViD)] recombination
in the brain, if any indeed oceurs, is yet to
be obrained.
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fransgene. Complemen-
fary DMA of mANA from
the brains of line 1-T Tg
mice was amplified by
using anchored PCR
(16). PCR products were
then cloned into the vec-
tor Bluescript and se-
guenced as described.

The pgk-T promoter of an adjacent fransgene was present at the 5° end of all clones that extended
beyond the 5' end of the /2cZ gene and the adjacent RS3-B. This pgk-1 promoter, however, is
imverted relative to the lecd gene. Individual PCR products are depicted by arrows and are numberaed.

This conclusion is at variance with the
interpretations drawn by Marsuoka et al.
{4), who used Tg mice that were construct-
ed independently but with a similar strate-
gy. They also found abundant and region-
specific expression of lacZ in the brain.
However, in contrast to our findings with
PCR, their PCR assay detected sequences
that were apparently produced by inver-
sional recombination of the reporter gene
that took place 9 to 138 bp away from the
head of the RS5s. Martsuocka et al. conclud-
ed that "somatic gene rearrangement may
be involved in necnatal development”
18). Although it is possible that our con-

.usion differs from that of Marsuoka et al.
because of variations in the experimental
protocols, including differences in the com-
position of the Tg plasmids, we believe it is
more likely that the different conclusions
arise from different interpretations of dara.

First, in light of our analysis of B-galac-
tosidase cDNA clones, we concluded that
the B-galactosidase expression observed in
the brains of our Tg mice is most probably
due to backward transcription from the
promoter of an adjacent transgene rather
than RSS-mediated inversion. We suspect
that the same may be true for the Tg mice
reported by Matsuoka er al. because the
arrangement of various sequence motifs in
the chicken cytoplasmic B-actin promoter
that Matsuoka et al. used is similar to that
in the chicken skeleral ec-actin promoter, a
demonstrated bidirectional promoter (19).

Second, we did nor derect any evidence
of V(D)] recombination with brain DNA
using PCR. In contrast, Marsuoka er al.
cloned PCR products that they interpret as
having been derived from ‘“imprecise”
V(D] recombination that had occurred at
sites 9 to 138 bp away from the heads of the
RS5Ss. There are at least two other interpre-
“arions of this Ainding. Recombination may

ave occurred in vitro during PCR amplifi-
cation by “PCR mediated recombination”
(20). The two parental sequences involved
in each recombination event reported by
Martsuoka et al carry 10-, 3-, and 2-bp

homologies, respectively, at the recombina-
tion sites. Short homology is expected at
the site of PCR recombinarion, whereas it
is more an exception than a rule in the
noncoding joints of V(D)) recombinarion.
In one published case 12 nucleorides (21),
and in another study 7 and 5 nucleotides
{22}, have been shown to be sufficient for
PCR recombination. If PCR recombination
accounted for the sequences that Matsuoka
et al. observed, the apparent tissue specific-
ity of the PCR products (5, figure 2) may
have resulted from sample-to-sample varia-
tion, which is commonly encountered with
PCR artifacts. Another possibility is char
the observed joints resulted from rare ille-
gitimate recombination events thar rook
place among the 15 copies of the integrated
plasmid thar would be unrelated to devel-
opmentally meaningful somaric recombina-
tion. Transgenes are generally unstable ge-
netic elements, and shore stretches of he-
mology of one to five nucleotides at the
juncrion are generally observed in illegiri-
mate recombination (23).

In summary, we suggest that it is prema-
ture to conclude whether or not develop-
mentally meaningful somaric recombina-
tion occurs in the brain. However, a posi-
tive and interesting finding that emerged
from our study (and possibly also from thar
of Martsuoka et al} is that backward tran-
scription in the brain can occur in a highly
tegion- and neuron-specific manner. The
physiclogical role of backward transcriprion
is unknown, but in light of its remarkable
tissue or organ specificity, it is possible that
backward rranscription may participate in
the regulation of genes associated with a
bidirectional promoter, including genes in
the central nervous system.
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