
where /total is the whole-cell current and / is the 
single-channel current. The modal weighting co­
efficients (/\low, Amed, /\high) are those plotted in 
Fig. 3A and allow for the proportion of blank 
sweeps (/Ab,ank). The unitary currents were set at 
'low = 09 PA and /med = /high = 0.7 pA (13). We 
determined the wave form of open probability 
[PQ{t)] for each mode by averaging idealized 
records for all sweeps falling within the appropri­
ate modal category. 

19. The contribution of the medium-P0 mode was only 
slightly decreased here. In earlier recordings tak­
en under different experimental conditions (5), 
most of the current in control patches was sup­
ported by medium-P0 gating, and NE produced a 
shift away from medium-P0 to low-P0 gating. In 
either case, the modulation favored a less active 
mode. 

20. S. W. Jones, Biophys. J. 60, 502 (1991). 
21. L M. Boland and B. P. Bean, J. Neurosci. 13, 

516 (1993). Boland and Bean propose a quan­
titative model where a single N-type Ca2+ chan­
nel can accommodate between zero and four G 
protein subunits. This would be most consistent 
with our results if N-type channels displayed four 
active patterns of gating. Our analysis has sep­
arated high-, medium-, and low-P0 gating, but an 
additional distinction might be made between 
low-P0 and 0a-type gating (33). 

22. With NE, typical sojourns in the high-P0 mode 
were considerably briefer than the onset time 
constants of neurotransmitter inhibition, which 
were ~2 s {12, 23). Sojourns in the low-P0 mode 
were relatively long-lasting, consistent with the 
slow time constant of recovery from neurotrans­
mitter inhibition, estimated as - 1 8 s in these cells 
{20, 21). 

23. S. R. Ikeda, J. Physiol. {London) 439, 181 (1991). 
24. In whole-cell recordings (Fig. 4C), pipettes con­

tained a solution with 100 mM CsCI, 10 mM EGTA, 
5 mM MgCI2, 2 mM Na adenosine triphosphate, 
0.3 mM Na guanosine triphosphate, and 40 mM 
Hepes (pH 7.3 with CsOH) and had resistances of 
~2 megohms. Gigaohm seals and whole-cell 
configuration were obtained with a bathing solu­
tion that contained 120 mM NaCI, 2 mM KCI, 10 
mM glucose, and 10 mM Hepes (pH 7.3 with 
NaOH). For Ba2+ current recordings, the bathing 
solution was changed to one that contained 110 
mM BaCI2, 10 mM glucose, 100 nM tetrodotoxin, 
and 10 mM Hepes (pH 7.3 with TEA-OH). 

25. Although it is clear that prepulse-induced so­
journs in the high-P0 mode occasionally oc­
curred, more extensive recordings are needed 
to characterize the kinetics of reinhibition at the 
unitary level. Our data are limited because the 
cell-attached patches were often destroyed by 
the strong prepulses needed to remove the 
inhibition. 

26. Slow relief of inhibition during the test pulse was 
not seen in our experiments (Fig. 1, insets), 
which is consistent with its variable occurrence 
in earlier experiments {1-12) depending on the 
test potential and the type and concentration of 
neurotransmitter. Slow deinhibition might not be 
expected under the experimental conditions 
used for the unitary recordings. The high NE 
concentration was chosen for a near-maximal 
degree of inhibition but would be expected to 
increase the amount of activated G proteins and 
thereby minimize the time-dependent relief of 
inhibition {4, 9-11). We chose relatively weak 
test depolarizations to keep unitary current large 
and to reduce open probability in the low-P0 

mode so that this activity would be easily distin­
guished from other modes; however, this would 
also hamper relief of inhibition, because channel 
opening in the reluctant mode is needed to drive 
off the inhibitory G protein {4, 11). 

27. Y. Kurachi, H. Ito, T. Sugimoto, Pfluegers Arch. 
416,216(1990). 

28. J. Monod, J. Wyman, J.-P. Changeux, J. Mol. Biol. 
12,88 (1965). 

29. In model A, the transition rate from low -> (blank/0a) 
should increase with the amount of activated G 
protein. 

984 

30. Here, transitions between the high-P0 and the 
low-P0 modes were the most relevant because 
blank sweeps may reflect either G protein-medi­
ated inhibition or merely inactivation. Figure 1A 
exemplifies a total of 13 high -> low and 9 low -> 
high transitions out of a total of 888 sweeps in 
control patches. 

31. Some intermediary sojourns in the medium-P0 

mode might be brief enough to go undetected, 
but this is highly unlikely in four consecutive 
instances because the apparent lifetime of medi-
um-P0 mode gating was relatively long (two and a 
half sweeps in the patch in Fig. 1, A and B). 

32. P. Hess, J. B. Lansman, R. W. Tsien, Nature 311, 
538 (1984); T. N. Marks and S. W. Jones, J. Gen. 
Physiol. 99, 367 (1992). 

33. D. T. Yue, S. Herzig, E. Marban, Proc. Natl. Acad. 

Immunoglobulin class switch recombina­
tion permits a B cell to sequentially express 
antibodies that have identical specificities 
but that differ in class and thus effector 
function. This recombination, which 
moves the variable region exon of the 
immunoglobulin heavy (IgH) chain to as­
sociate with a different set of constant 
region exons, is mediated by switch (s) 
regions—that is, arrays of short tandem 
repeats located upstream of each constant 
region (CH) gene segment, except C8 . 
Once activated, class switch recombination 
is a regulated process, directed to the same 
switch region on the active and the alleli-
cally excluded, inactive allele of a given B 
cell (I) . Class switching is directed by 
cytokines. For example, the addition of 
interleukin-4 (IL-4) to cultures of polyclo­
nal^ activated B cells induces switching to 
IgGl and IgE (2). The direction of class 
switching may be determined by the mod­
ulation of accessibility of the individual 
switch regions to a common switch recom-
binase (3). Before recombination, 5' switch 
region flanking sequences are subjected to 
cytokine-induced demethylation (4) and 
chromatin changes (5). Furthermore, the 
activation of promoter and enhancer ele­
ments in these regions leads to transcription 
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of the respective unrearranged (germline) 
switch regions and their associated C H 

genes (6). Despite the large body of correl­
ative evidence for germline transcription 
and class switch recombination (3, 6), a 
functional relation between switch region 
flanking sequences and class switch recom­
bination has not been directly shown. 

To test the functional importance of 
switch region flanking sequences for switch 
recombination, we generated mutant mice 
that lack 5' flanking sequences of the s i 
switch region (7) (Fig. 1). The homologous 
recombination event yields an IgH locus with 
the 5' s71 region being replaced by an inverse­
ly oriented neomycin resistance (neor) gene 
needed for selection of recombinants in the 
conventional targeting scheme (8). In the 
targeting construct (9), the neor-cassette re­
places 1.7 kb of the 5' s7l region spanning all 
sites of molecular changes known to be in­
duced by the cytokine IL-4—that is, a protein 
binding site (10), deoxyribonuclease (DNase) 
I hypersensitive sites (5), sites of specific 
demethylation (4), and the promoter ele­
ments and splice donor site of the II-germ­
line transcript (11) (Fig. ID). 

Using a murine embryonic stem (ES) 
cell line derived from 129/Ola mice (IgHa)> 
we generated ES cell clones that were het­
erozygous for the targeted replacement of 
the 5' s7l region (designated neoA5's7l) by 
homologous recombination (12). To exclude 
the influence of the neor gene or its control 

Shutdown of Class Switch Recombination by 
Deletion of a Switch Region Control Element 

Steffen Jung,* Klaus Rajewsky, Andreas Radbruch 
Upon activation, B lymphocytes can change the class of the antibody they express by 
immunoglobulin class switch recombination. Cytokines can direct this recombination to 
distinct classes by the specific activation of repetitive recombinogenic DNA sequences, the 
switch regions. Recombination to a particular switch region (s71) was abolished in mice 
that were altered to lack sequences that are 5' to the s71 region. This result directly 
implicates the functional importance of 5' switch region flanking sequences in the control 
of class switch recombination. Mutant mice exhibit a selective agammaglobulinemia and 
may be useful in the assessment of the biological importance of immunoglobulin G1. 



elements on class switch recombination, we 
subsequently deleted the neor-cassette using 
the yeast Flp recombination system (1 3, 14). 
In the targeting construct (9), the neo' gene 
is flanked by two Flp recombination target 
(FRT) sequences oriented in parallel (Fig. 
1). For site-specific deletion, we transiently 
transfected a targeted ES cell clone (clone 
12) with the Flp recombinase expression 
vector pOG44 (14) and isolated an ES cell 
clone (clone 12.21) that had the desired 
deletion, designated A5'sYl (1 5). The re- 
sulting locus retains a single copy of an FRT 
signal. The structure of the targeted loci was 
confirmed by restriction analysis (Fig. 2). 

Cells of three independent neoA5'sYl ES 
cell clones (clones 13, 10, and 2) and the 
A5'sYl clone (clone 12.21) were injected into 
blastocysts of C57BV6 and CB.20 mice to 
generate chimeric mice. The 1gH allotype 
differences of ES cell (IgH")derived and blas- 
tocyst (lgHb)-derived cells allowed the analy- 
sis of B cells that were heterozygous 
(lgl-PM'sylalb or lgHM'syl*) for the muta- 
tion in the chimeric mice; host-derived B cells 
are lgHblb. To determine the effect of the 
deletion on IgGl class switch recombination, 
we polyclonally activated splenic B cells from 
neoA5'sYl and A5'sYl chimeras by bacterial 
lipopolysaccharide (LPS) in the presence of 
IL-4 (Table 1). After this treatment, B cells 
that carried a mutant allele showed a 50% 
reduction in the frequency of IgG1-expressing 
cells as compared to wild-type controls. As- 
suming equal representation of cells that ex- 
pressed the mutated and the wild-type allele, 
cells that expressed the targeted allele proba- 
bly had not switched to y 1. 

If this interpretation is correct, IgGla- 
expressing B cells from neoA5's 1 and A5'sYl 
chimeras should have functionally rearranged 
and switched the wild-type allele but left the 
targeted allele in germline configuration. A 
DNA restriction enzyme analysis of sorted 
cells that express F~ and y la from the culture 
(LPS plus IL-4) of neoA5'sYl and A5's 1 
chimeras confirmed this prediction (Fig. 3). 
The y la-expressing cells retained the mu- 
tated allele in germline configuration, 
whereas all wild-type alleles were rear- 
ranged. Thus, the mutations in the 5' 
flanking regions shut down switch recom- 
bination to s,l. Splenic B cell cultures of 
both the neoA5's,l and the A5'sVl chi- 
meric mice yielded the same results (Table 
1 and Fig. 3), which demonstrates that the 
silencing of s,l is not a result of the 
insertion of the neo' gene or its control 
elements. 

Because germline transmission of the 
neoA5'sVl mutation was obtained before 
transmission of the A5'sYl mutation and 
because both mutations show the same phe- 
notype, further analyses were done on mice 
with the neoA5'sVl mutation. After the 
mating of neoA5'sVl chimeras to C57BLl6 

and CB.20 mice, the offspring that were erozygous mutant mice (lgl-PM'Sylalb), tar- 
derived from chimeras with mutated ES cells geted and wild-type alleles can be distin- 
were identified by coat color and tested by guished serologically by means of their allo- 
restriction analysis of tail DNA for transmis- type differences. Thus, we can quantitate 
sion of the mutated allele (Fig. 2). In het- the extent to which the s,l region is silenced 

Fig. 1. Strategy for deletion of the 5' A 
s,l flanking region. (A) Genomic IIE E Y ~  E ~ b  H B  B X S   EX^ 

structure of the murine s,l wild- -w 
type locus (IgHa) and its 5' flanking s 1 

sequence. Tandemly repeated 49- 
bp units are indicated as black B HE EX^ E m H  BEY^  EX^ 

1 Kb - 
bars; direct repeats are shown as -u 
stri~ed boxes. A. Acc I :  E. Eco RI: msm'dHSvm ,".d 

B, B ~ I  I I ;  H ,  ~ i n d  I l l ;  x , ' x A ~  I ;  ~ b ;  
Xba I ;  and S, Sca I. (B) The target- 
ing vector, which contains the 9.7- HE E m  E m H BE- E X ~ S  E ~ b  

kb Hind Ill-Sca I fragment from the 1 I I 5' s,l locus (9). (C) Structure of the , I ,  

resultant loci that either contain C A B  

(neoA5's,l) or do not contain H E   EX^ E ~ b  H B E ~ S  E ~b 

(A5's,l) the neor gene. Triangles 
indicate the primers used in the c B 

PCR screening for homologous re- 
combinants (pair A and B) (12) and D 
for detection of clones with neor O k b  
gene deletion (pair C and B) (15). B A ,., S 
Primer A: 5'-CCTGCGTGCAATC- J I 1  

CATCTTG-3'; primer B: 5'-CCT- 
TCATTCTAACCTGCCCC-3'; prim- 
er C: 5'-AACAGTCAGCACCCTCA- 
CTC-3'. (D) Detail of targeted re- 
placement of the 5' s,l region (7) 
and site-specific neor gene dele- 
tion. The FRT-neeFRT cassette 
(1.4 kb) replaced a fragment of 1.7 
kb that carried all the known sites of 
IL-4-induced molecular changes. 
M, site of demethylation (4); circle, 
protein binding sites (10); striped B S 
boxes, DNase I hypersensitive sites FRT 
(5); promoter elements and the 
splice donor site of the $1-germline transcripts (1 1) are shown schematically. 

Fig. 2. Restriction analysis of wild- 
type E14-1, neoA5's,l, and A5's,l 
cells and of F, heterozygous-mu- 
tant and wild-type ES cell-de- 
rived progeny of a neoA5's,l chi- 
mera resulting from matings with 
C57BLJ6 mice. Genomic DNA was 

the lower half (B) was hybridized to 
probe B (neo) (9). (A) The targeted 

I U  

ES cells (lanes 2,3, 7, and 8) show 
the disruption of the 16.5-kb Eco RI 
and the 15.5-kb Xba I fragment of 
one of the wild-type lgHa alleles. 
Note that the A5's,l cells retain the 
Xba I site indicative for the remain- ECO RI .nee Xba I 
ing FRT signal, as predicted for 
Flp-mediated recombination. Lane 4 reveals the Eco RI and Xba I restriction polymorphism of the 
wild-type lgHa and lgHb alleles, and lane 5 shows the disrupted lgHa allele (10.3 and 10.6 kb) in a 
heterozygous mutant mouse (lgHneOd5'Sr1a/b). (B) The neor-specific probe B verifies the deletion of 
the neor gene in the A5's,l ES cell clone. Lanes 1 and 6, wild-type ES cells; lanes 2 and 7, 
neoA5's,l -targeted cells; lanes 3 and 8, A5's,l -targeted cells; lane 4, wild-type [I 29101a (lgHa/a) x 
C57BU6(lgHb*)] F,; lane 5, heterozygous neoA5's,l mutant F, (lgHne0A5'S71*). Molecular size 
markers are indicated to the right and left in (A) and (B) in kilobases. Asterisks indicate probe used. 

digested by Eco RI and Xba I. After 
gel electrophoresis and blotting, ! g w 1 6 . 5 - ~ .  qq 
the upper half of the filter (A) was /gr'Pli.o- - -- 
hybridized to probe A (s,l) (7) and k7wm5"rfa 10.3' 
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bv the neoA5's..l mutation. 
Splenic B cills of heterozygous mutants 

(IgHMoM"yJalb) and wild-type littermate con- 

, I 

Eco RI *s,l 

Fig. 3. Southern (DNA) blot analysis of pa- and 
yla-positive cells fractionated from a culture (LPS 
plus 11-4) of neoA5's,l (mouse 10.10 and mouse 
13.1) and A5's,l (mouse A4 and mouse 85) 
chimeras by fluorescence-activated cell sorting. 
Cells were fixed and stained as described (Table 
1) (25), and genomic DNA was digested with Eco 
RI and analyzed by probing with a probe specific 
for s,l (probe A, Fig. 2). Molecular size markers 
are indicated to the right in kilobases. 

trols (IgHalb) were activated in vitro with LPS 
or LPS plus IL-4 (Fig. 4 and Table 1). B cells 
of both allowes from littermate control mice 
differentiatdinto IgG1-expressing cells; how- 
ever, in heterozygous mutant mice B cells that 
expressed the targeted allele (IgH"'M'Sy'u) did 
not switch to IgG1. The frequency of IgG1"- 
expressing cells was reduced by 99.5%. Class 
switch recombination in general was not af- 
fected in the heterozygous mutant B cells 
because the frequencies of IgG3 cells in LPS 
cultures of wild-type and mutant mice were 
similar (Table 1). In cultures (LPS plus IL-4) 
of neoA5's 1 and A5's,l heterozygous mutant 
B cells, ~ ~ h - e x ~ r e s s i n ~  cells appeared more 
frequently than in control cultures (Table I), 
which suggests that these cells, which func- 
tionally rearranged the targeted allele but 
subsequently failed to switch to expression of 
IgG1, remained in the pool of IgM-expressing 
cells and did not switch to other classes. 

An evaluation of serum antibody titers of 
heterozygous mutant mice revealed a concen- 
tration of IgGla (2.5 pg/ml) that was 2% that 
of littermate controls, whereas the serum ti- 
ters of IgM and IgG2a were unchanged (Fig. 
5A). After primary and secondary immuniza- 
tion of heterozygous mutant and littermate 

control mice with (4-hydroxy-3-nitrophe- 
ny1)acetyl (NP)-chicken y-globulin (CG) 
NP-s~ecific antibodv. titers were determined. , - 
The overall extent of the immune response 
was similar for both groups of mice, as reflect- 
ed by the NP-specific IgM (Fig. 5B) and 
IgGlh (Fig. 5C) titers, but the concentration 
of NP-binding IgG1" (IgG1 derived from the 
IgP'M'sy'" locus) in sera of heterozygous 
mutant mice was below our level of detection 
(60 ng/ml) (Fig. 5C). Thus, deletion of the 5' 
s,l sequences affected IgGl class switches in 
vitro and in vivo, which suggests the involve- 
ment of the 5' s,l region in the control 
of both the IL-+induced and the recently 
postulated IL-4-independent (1 6, 1 7) class 
switch to IeG1. " 

Our results show that a repetitive switch 
region devoid of its 5' flanking sequences is 
severely impaired as an acceptor for the com- 
mon donor s, region. These data establish the 
existence of s~atiallv se~arated switch recom- , . 
bination substrate and recombination control 
elements. A similar bipartite structure with 
the IgH intron enhancer functioning as a 
recombinatorial enhancer has been suggested 
for the V(D)J joining (18). Stimulating re- 
combination in adjoining sequences, the 
switch recombination control element is rem- 

Fig. 4. Flow cytometric iniscent of hot spots of recombination in yeast 

analysis (FACScan; Bec- that promote homologous recombination of 
ton Dickinson) of LPS flanking DNA (1 9, 20). 
plus IL-4-cultured sple- The neoA5's,l allele remained inert 
nic B cells of a heterozy- I. even in cells heterozygous for the mutation 
gous mutant F, mouse (IgHMoM's~'db) with all potential transacting 
( / g ~ " ~ * ' ~ , l ~ / ~ ) ,  a litter- - . . factors present (including the I,1 germline 
mate control (IgHm). transcripts), as demonstrated by the ability 
and a C57BU6 mouse. of the wild-type allele to undergo class 
Cells were harvested af- 
ter 6 days of culture, pu- lgGl switching to IgG1. The cis-acting nature of 

rified, and stained in the cytoplasm with fluorescein isothiocyanate-coupled goat antibodies to the 5' switch region flanking is 

mouse IgG1, biotinylated mouse monoclonal antibody to mouse IgGla, and streptavidin phyco- consistent with the that at- 
erythrin (25). Dots refer to cells in the lymphocyte gate as defined by light scatter. tributes directed class switch recombination 

Fig. 5. Serum concentrations of lg isotypes of unimmunized and NP-CG- 
immunized heterozygous mutant F, mice and their wild-type littermate 100 pg of alum-precipitated NP-CG. Sera were taken on day 7 (d7; for 
controls. (A) Six-week-old heterozygous mutant (0) and wild-type litter- lgMa and lgMb titers) and day 13 (d13; for IgGl titers) after primary 
mate control (0) animals were bled from lhe subcaudal vein, and serum immunization (lo) and on day 7 after boosting (2"). Preimmune sera 
titers of the indicated antibodies classes were determined by enzyme- contained NP-binding IgM (2 pglml) and NP-binding IgGl (less than 60 
linked immunosorbent assay as described (16). (B and C) Seven-week- nglml of either allotype). Responses of individual neoA5's,l heterozygous 
old mice of both groups were immunized by intraperitoneal injection of mutant mice (0) and wild-type littermate controls (0) are given. 
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Table 1. In vitro LPS culture analysis of splenic B cells from chimeric and heterozygous mutant mice. 
In the analysis of chimeras, the lgHa allotype represents the ES cell-derived B cells, whereas in the 
analysis of the heterozygotes it distinguishes cells that express the mutant IgH locus from the ones 
that express the wild-type IgH locus. The degree of chimerism in the B cell compartment varied from 
75 to 100% ES cell-derived B cells in the individual chimeras. As a control for the chimera analysis, 
we used mice generated with ES cells that carried wild-type IgH loci. Data were evaluated with a 
FACScan (Becton Dickinson) (Fig. 4) and are listed as percent positive cells per B cell blasts and 
percent of K and A positive cells, respectively. Dashes indicate data not determined. 

LPS LPS + IL-4 
Mouse IgH genotype 

Y 3 P 1 Yl a pa Ylb pb 

Chimeric mice 
1 a/a - - - 25 22 - - 
2 a/a - - - 26 20 - - 
3 a/a - - - 20 37 - - 
13.1 neoA5's, 1 a/a - - - 10 30 - - 
10.10 neoA5'sy 1a/a - - - 10 32 - - 
10.4 neoA5's, 1a/a - - - 13 36 - - 
2.4 neoA5's la/a - - - 12 38 - - 
A1 0 A ~ J S ,  I& - - - 13 22 - - 
A1 1 A5's, 1 a/a - - - 13 17 - - 
A4 A5's, 1 a/a - - - 14 28 - - 
A5 A5's, I d a  - - - 13 35 - - 

Heterozygous mutant mice 
1 a/b 16 16 - 20 4 17 13 
2 a/b 19 13 - 22 5 18 9 
3 neoA5's, la/b 19 16 0.9 0.3* 14 23 10 
4 neoA5's, 1a/b 16 15 1.2 O.lt 11 25 15 
Control b/b 10 18 - 0.1 0.1 42 - 

*This value has been confirmed by fluorescence microscopy to be 0.08% of K and A positive cells. ?This value 
has been confirmed by fluorescence microscopy to be 0.15% of K and A cells. 

to modulation of the accessibility of the indi- Bergstedt-Lindqvist et a/., Eur J. /mmuno/ 18, 1073 
(1988); C. Esser and A. Radbruch, Annu. Rev. vidual switch regions (3). Yet, it remains lmmunol, 8 ,  717 (1990), 
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influence on the switch region. Despite the Stavnezer-Nordgren and S. Sirlin, ibid., p. 95. 
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overlapping with, but distinct from, the I,1 with the most 5' element bf ihe switch region (Fig. 

1 D), our deletion led to the removal of 96 b p  of the promoter* as reported for the 330 bp that span direct repeat II. The direct repeats 
bination initiation site and the promoter of I and II are a unique feature of the syl switch region, 
ARG4 in veast (22). and all the known recombination breakpoints of . , \ ,  

Future studies with mice that lack the 5' s,-s,l hybrids fall within the repetitive region. Thus, 
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control on the expression of IgE (23). Ex- {modified from pMCl neo-poly(A) [K. R. Thomas and 
M. R. Cappecchl, Cell51,503 (1987)]} was flanked 

hibiting a selective IgGl immune deficienc.~, by two FRT signals Isolated as Hind Il-Eco RI 
A5's,l homozygous mutant mice will allow fragments from plasmid pOG45 [(14); Stratagene]. 

The resulting Xho I-Sal I FRT-neor-FRT cassette (1.4 studies of the of 'lass switching kb) was inserted between anAcc I site [position 310 
to IgGl in the humoral immune response (7)l and an Xmn I site (oosition 2014) in a olasmid 

8 - 8 - - -  - 
and for the establishment of immunologic {hat carrled the 5' s,l &on subcloned from plas- - 
memory. mid pyIIEHIO.0 (7).'The fragment was inserted into 

plC19RIMCI -TK (8), and the 5' homoloaous reaion 
was elongated by insertion of an 8-kb ~ i n d  Ill 
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