11
. The perfusion technique used was that described by

teristics of inflammation, oedema, and vasodilatation.
Experiments were also performed on age-matched con-
trol animals. Mice were anesthetized with ether or
tribromoethanol (125 mg/kg). Intestinal segments from
the middle third of the small intestine were extirpated
and immediately stored in ice-cold phosphate-buffered
saline. A segment (1 to 2 cm long) was opened along
the antimesenteric border and pinned as a flat sheet
(area 0.24 cm?) between the two halves of an Ussing
chamber, which contained a modified Krebs-Henseleit
solution (5 ml; 114 mM NaCl, 25 mM NaHCO,, 5 mM
KCl, 1.65 mM NaH,PO,, 1.1 mM MgCl,, 2.5 mM CaCl,).
The serosal bathing fluid contained glucose (10 mM),
and the mucosal compartment mannitol (10 mM). The
solutions were continuously bubbled with CO, (5%) in
oxygen at 37°C. The transmural PD was monitored with
a pair of calomel electrodes. Two types of Ussing cham-
bers were used. In one type, the electrical field of the
voltage clamp was perpendicular to the intestinal seg-
ment, which made it possible to estimate tissue resis-
tance in absolute terms by using an automatic voltage
clamp device to measure SCC. PD and SCC were record-
ed on a polygraph. Values of PD and SCC reported in the
text, tables, and figures are given as the mean = SEM.
After mounting the tissue, the PD was allowed to
stabilize for about 30 min. In control experiments, PD
and SCC remained constant in infected and noninfected
animals after this stabilizing period (24). For testing of
drugs, each tissue was exposed to one drug in increasing
concentrations with a 10-min interval between admin-
istrations. The drugs used were administered in volumes
of 20 pl. At the end of the experiments, 200 pl of
theophylline solution was added to the mucosal and
serosal solutions to a final concentration of 1 mM to
test tissue viability. If theophylline increased the PD by
less than 40% of the control value, the experiment was
discarded.

O. Lundgren et al., data not shown.

Starkey et al. (25). Mice were anesthetized with
tribromoethanol (125 mg/kg, i.p.). The abdomen was
opened and a jejunal segment 4 to 6 cm long was
chosen for the experiment. The intestinal segment
was flushed with physiological saline and then placed
in an organ bath containing a modified Krebs-Hense-
leit solution with glucose (122 mM NacCl, 25 mM
NaHCO,, 3.5 mM KCl, 1.2 mM KH,PO,, 1.2 mM
MgCl,, 2 mM CaCl,, 30 mM glucose) continuously
oxygenated with 5% CO, in oxygen at 37°C. The
intestinal segment was perfused at a constant rate
(990 pl hour=7) through plastic tubes in both ends.
The perfusion solution was identical to the solution in
the organ bath except that glucose was substituted
with mannitol. The perfusion solution also contained
a radioactively labeled nonabsorbable marker ('4C-
polyethylene glycol 4000; specific activity, 10 to 20
mCi g~"; Amersham Pharmacia Biotech, Bucking-
hamshire, U.K.) at a concentration of ~0.07 wCi
ml=". The tracer and plastic tubing were immersed in
a solution containing nonlabeled polyethylene glycol
4000 (2 g ml~") for at least 24 hours before use. In
control experiments this procedure prevented any
adsorbance of the tracer to the plastic tubing. After
placing the segment in the organ bath, the intestine
was perfused for 20 min without sampling. Then
20-min samples were collected in tubes at the out-
flow end of the perfusion system. In one series of
experiments (Fig. 2), in which the viability of the
intestinal preparation was tested, the perfusion fluid
was sampled during three consecutive 20-min peri-
ods. For reasons given in the text, only two samplings
were performed in the experiments with drugs. Drugs
were administered to the organ bath between the
first and second sampling period. Radioactivity in
duplicate samples was measured from the inflow and
outflow solutions. The sample (100 pl) was mixed
with 3.0 ml of scintillation fluid (Ultima Gold XR,
Packard). At least 10,000 decays were measured in a
Packard scintillation counter (Packard 1900 TR Liquid
scintillation analyzer). Net fluid transport was esti-
mated from the rate of perfusion, and the radioac-
tivity of the solutions entering and leaving the intes-
tine was determined (26). The transmural PD of the
intestinal segment was recorded by two electrodes.
One electrode was connected by a T-tube to the inlet
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of the perfusion system and the other was in contact
with the solution in the organ bath. The PD was
continuously recorded on a polygraph.

13. Diarrhea in the mice was judged by a scoring system,
with a score of 1 indicating unusually loose yellow
stool and a score of 4 a completely loose stool. A
score of =2 (mucous with liquid stool, some loose
but solid stool) was considered to indicate diarrhea.
The scoring was performed by the same individual
twice daily after administration of the rotavirus.
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A Role for Histone Acetylation
in the Developmental
Regulation of V(D))

o L]
Recombination
Michelle Taylor McMurry and Michael S. Krangel*

V(D)) recombination is developmentally regulated in vivo by enhancer-depen-
dent changes in the accessibility of chromosomal recombination signal se-
quences to the recombinase, but the molecular nature of these changes is
unknown. Here’ histone H3 acetylation was measured along versions of a
transgenic V(D)) recombination reporter and the endogenous T cell receptor a./d
locus. Enhancer activity was shown to impart long-range, developmentally
regulated changes in H3 acetylation, and H3 acetylation status was tightly
linked to V(D)J recombination. H3 hyperacetylation is proposed as a molecular
mechanism coupling enhancer activity to accessibility for V(D)) recombination.

V(D)J recombination is initiated by recombi-
nase activating gene—-1 (RAG-1)- and RAG-2—
mediated cleavage between T cell receptor
(TCR) and immunoglobulin coding gene seg-
ments (V, D, and J) and flanking recombination
signal sequences (RSSs) (/). Chromosomal and
nucleosomal RSSs are refractory to RAG-me-
diated cleavage relative to naked DNA (2, 3),
and V(D)J recombination is thought to be reg-
ulated in vivo by enhancer- and promoter-de-
pendent changes in chromatin structure that
provide RAG proteins access to specific RSSs
(4). However, the nature of chromatin structur-
al modifications associated with accessibility to
RAG proteins is not known. Recent studies
indicate that enhancers and promoters can di-
rect the hyperacetylation of core histones (5)
due to histone acetyltransferase activity of tran-
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scriptional coactivators (6). Moreover, histone
hyperacetylation alters chromatin structure, as
suggested by increased general sensitivity to
endonucleases (7) and increased binding of
transcription factors (8). Hyperacetylation of
histones therefore provides a potential mecha-
nism linking enhancer and promoter activity to
RSS accessibility to RAG proteins.

We initially addressed the relation between
histone acetylation and accessibility for V(D)J
recombination by studying a TCRS minilocus
V(D)J recombination reporter in thymocytes of
transgenic mice (Fig. 1, A and B). This reporter
contains unrearranged human V3, D8, J8, and
C3 gene segments. With a functional enhancer
in the J83-C3 intron, V, D, and J gene segments
are all accessible to RAG proteins, and fully
rearranged products (VDJ) are efficiently gen-
erated (9, 10). With the enhancer deleted or
mutated, only V-to-D rearrangement is ob-
served (9, 11, 12). The failure of VD-to-J rear-
rangement without an enhancer reflects an in-
ability of RAG proteins to access and cleave J
segment RSSs (73). Because V and D accessi-.
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A Thymocyte development
RAG-2-- x TCRp,

RAG-2-/-
\ Ea--
' ' CD4+CD8-
1 1 (SP)
cpa-cos- )1 — o (cpascoes ) ! —
(DN) . (DP) | \
1
! CD4-CD8+
E5 on, Ea off ES5 off, Eaon (SP)
TCRGS rearrangement TCRa rearrangement

Fig. 1. Diagrammatic depictions of thymocyte development and V(D))
recombination substrates analyzed. (A) DN, DP, and SP represent con-
secutive stages of T cell development that typically comprise 1to 5%, 80
to 90%, and 10 to 15%, respectively, of total thymocytes. Developmen-
tal blockades in RAG-27/~, RAG-27/~ X TCRP and Ea™/~ mice are
depicted by dashed lines. (B) Human TCR3 minilocus constructs vary in
the enhancer included in the J83-C3 intron. Rearrangement and acces-
sibility phenotypes are shown. E3 line A and Ex line J undergo both V to
D and VD to J rearrangement (9, 70), whereas E- line H and EdmCore line
Z undergo only V to D rearrangement (9, 72). Filled circles locate
segments analyzed by CHIP. (C) Murine TCRa/3 locus. Typical TCR3 and
TCRa rearrangement events (occurring in DN and DP thymocytes, re-

bility is maintained in an enhancer-independent
manner, minilocus accessibility is sharply di-

B Human TCR & minilocus

Va1 Vs2 D83 J51 Js3 E cs 2
---I-l i -
e e [ ] [ ]
\/V Jesmoreaqy
—— ] E- (H) or E3mCore (2)
JL ]
enhancer-independent enhancer-dependent
accessibility accessibility
C Murine TCR a/6 locus
BEAD
vas | TEA
Va V&  Ds Js EsCs ||| e Ea
25

_pﬁp I\ S

10 kb

spectively) are shown. Arrows identify transcriptional promoters. Filled
circles locate segments analyzed by CHIP. BEAD, blocking element alpha
delta; and TEA, T early alpha promoter and exon.

Table 1. Primers and probes.

vided between an enhancer-independent 5’ re- Gene Oligonucleotide pairs for PCR Probes or oligonucleotide pairs

gion and an enhancer-dependent 3’ region. segment from mononucleosomes used to generate probes by PCR
To test whether accessibility reflects the Control

acetylation status of minilocus chromatin, we Oct-2 Oct5:  5'-tggaggagctggaacagttt Octl:  5'-ttgcttagccccatccagg

measured histone H3 acetylation by a chroma- Oct6: 5'-tgtttggaccttggcatctttg Oct6

tin immunoprecipitation (CHIP) assay (/4) us- Human TCRS minilocus

ing aAcH3 antiserum. Serially diluted DNA Va1 V81-67: 5'-acaagttggtggtcatatta V31 (20)

samples isolated from the input, « AcH3-bound, V31LU:  5'-cgatggcattctgttcatca

and -unbound fractions were tested by polymer- D93 gggg"‘ g:-agaagagccccaga D33 (24)

ase chain reaction (PCR) (Table 1) (15) to 5 JBIHT: 5'-;itgaatcgagccccgcacttag:agcatactcc 151 (20)

analyze specific sites along the mlmlogus. We J81H3:  5'-ggaggatgccttaacctt

initially compared a minilocus containing Ea Ed ESH3:  5’-cccttgaaagtcagccagag ESH1:  5'-aaacaaggagatagggtgt

[transgenic line J (/0)] to one lacking an en- E3H4:  5'-gctgaagccacttgataacag E3H6:  5’'-ctgctttcaacctgcttgag

hancer [transgenic line H (9)]. Ea turns on at €3 C8H3:  5'-ctctgctcaactgagcacta G5 (20)

the double positive (DP) stage and is therefore C8H4:  5'-tcctccacgecatgeagaat

active in >95% of thymocytes (Fig. 14) (10. (& MCD9: 5’ igt‘gg enousttmurine eka/d locus MCD7: 5’'-tatttacaggtgggctgac

: 3 -a a, cttcagac . -ta C,

16). Both V81 and C were hyperacetylated in MCD12  5'-cageget ftttgcttttcgt " MCD 12 8eteescte

unfractionated thymocyt.es ofEfx line J, because ES MED1:  5'-casaatacatgcccageca MED1

they were heavily enriched in the aAcH3- MED2:  5’-cagcaaaactgataacccc MED6: 5’'-gggtttcttagaattatctgce

bound fraction as compared with either the Va5 MVD9:  5'-ttcacagaaaatcgaccttga MVD7: 5’'-ggcacagtaataagtagcg

unbound fraction, the input fraction, or the MVD12: 5’-caatgcggattctccaaac MVD12

bound fraction of a control immunoprecipitate ~ BEAD mggg: ?;ttgtcattacatgigfcutgt mgg; 5'-ctgcttcactgaagagttc

. : : atgttccaaatatggca

(IP) (Fig. 2A). In contrast, the B cell—spemﬁc TEA TEAS: 5'-§tgtgcccaagactt§agaga§ TEAT1:  5'-tctttaccttcccagtgag

gene Oct-2 was hyppacetylated, because it was TEAG: 5'_accaagacattctgttacce TEAG

poorly represented in the aAcH3-bound frac- Ja25 MJAT:  5'-tgtgtgctagatcttgec MJAT

tion and displayed a signal nearly equivalent to MJA2:  5'-gtgtcttggaatattgtgac MJA6:  5'ggtgtatcttaaaattagecc

that in the bound fraction of the control. Acet- Ca MCAS5:  5'-tgggctgcagaacacaat MCA1: 5’-taagtcctaagactggacc

ylation at both V81 and C3 was sharply reduced i mg:? g:-tgtttctttggc;gtgttgag mg:f

: . a : -agatagtgaatcaatagcca

in thymocytes of E- line H. Thus, Ea promotes MEA2: 5'-ttgcaaagg§gggacctg%tt ¢ MEA6:  5’'-gagagatcttatctctaactc

H3 hyperacetylation at distant sites in the trans-
gene. However, even without Ea,, acetylation of
V81 was substantially above that of Oct-2.
Thus, a component of V81 acetylation is en-
hancer-independent.

To further analyze enhancer-dependent and
-independent aspects of minilocus acetylation,
we compared a minilocus containing a wild-
type EB [transgenic line A (9)] to one in which
E3 is inactivated by a 3—base pair (bp) mutation

in the binding site for CBF/PEBP2 [transgenic
line Z (12)]. Because E3 is only occupied and
active in double negative (DN) thymocytes
(16), both transgenes were bred onto the RAG-

’~ background (generating lines RXA and
RXZ), in which thymocyte development is
blocked at the DN stage (/7). The lack of
V(D)J recombination on this background also

allowed analysis of a minilocus that was unre-
arranged in all thymocytes.

In DN thymocytes of E8 line RXA, the
minilocus was hyperacetylated along its entire
length, with acetylation 25-fold over Oct-2 for
V81; >100-fold over Ocz-2 for D33, J81, and
ES; and 10-fold over Oct-2 for C3 (Fig. 2B)
(18). This profile was markedly different in
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Fig. 2. H3 acetylation within a human TCR3
minilocus. (A) H3 acetylation was measured in
total thymocytes of mice carrying minilocus
constructs that include (J) or lack (H) Ec.. CHIP
was performed with anti-AcH3 or, as a control,
no antibody, and serial threefold dilutions of
bound (B), unbound (U), and input fractions
were analyzed by PCR. (B) H3 acetylation was
measured as in (A) in the DN thymocytes of
RAG-2~/~ mice carrying a minilocus with ei-
ther a wild-type (RXA) or a mutant (RXZ) ES.
Acetylation is plotted as B/U, calculated as
described (78). (C) H3 acetylation was mea-
sured as in (A) in the DP thymocytes of RAG-
27/~ X TCRB transgenic mice carrying a
minilocus with a wild-type E3 (RXAXR). Con-
trol CHIP was with normal rabbit serum.

thymocytes of ESmCore line RXZ. Acetylation
at V31 and D83 was 25- and 18-fold, respec-
tively, over Oct-2. However, acetylation at J31,
EJ, and C8 was much lower. Thus, the histone
H3 acetylation patterns of the ES and EdmCore
miniloci are fully consistent with the previously
determined patterns of V(D)J recombination
and accessibility to RAG proteins. Concor-
dance of the acetylation and accessibility pro-
files leads us to propose that enhancer-in-
dependent acetylation of V and D gene.seg-
ments allows for enhancer-independent minilo-
cus V-to-D rearrangement, whereas enhanc-
er-dependent acetylation of J gene segments
allows for enhancer-dependent minilocus
VD-to-J rearrangement.

ES is inactivated upon transit of thymocytes
from DN to DP due to loss of occupancy at
binding sites for CBF/PEBP2 and c-Myb (/6).
To investigate changes in histone H3 acetyla-
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Fig. 3. H3 acetylation aACH3
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tion across this developmental transition, we
bred a rearranged TCR transgene into ES line
RXA to generate RXAXB mice, in which
nearly 100% of thymocytes are DP (19). En-
hancer-dependent acetylation was largely extin-
guished across the transgene, with the excep-
tion of some residual acetylation over E3 itself
(Fig. 2C). Thus, developmental loss of ES oc-
cupancy causes a marked reduction in minilo-
cus H3 acetylation. Enhancer-independent acet-
ylation at V81 was maintained in DP thy-
mocytes, but that at D33 was extinguished.
Enhancer-independent acetylation of these ele-
ments appears to be under distinct control.

To further probe the relation between H3
acetylation and accessibility for V(D)J recom-

“bination, we measured developmental changes

in acetylation at the endogenous TCRa/d locus
(Fig. 1C). This locus contains distinct sets of
gene segments that are activated for V(D)J
recombination at different stages of T cell de-
velopment (20). TCRS rearrangement (V8-D3-
J8) occurs in DN thymocytes and TCRa rear-
rangement (Va-Jo) in .DP thymocytes (Fig.
1A). ES activity at the DN stage (10, 16) is
partly responsible for TCRS accessibility, be-
cause TCRS rearrangement is partially inhibited
in E3™/~ mice (21). TCRa rearrangement is

markedly impaired in Ea™/~ mice (22), indi- .

cating that Ex activity at the DP stage (10, 16)
is critical for accessibility across the 70-kb Jo
region. Ea is also required for transcription
from the germ line T early alpha (TEA) pro-
moter 5' of Jo segments, and up-regulates
TCRS transcription as well (22).

We analyzed RAG-2~'~ mice (17) to as-
sess acetylation in DN thymocytes, RAG2™/~
X TCRB (RXB) mice (19) to assess acetylation
in DP thymocytes, and Ea™~ mice [which,
like RXB mice, are blocked at DP (22)] to
assess the effect of Ea. The DN compartment
(RAG-27'7) is characterized by a hyperacety-
lated TCRS region [E3, C8 (23), and V35] and
a hypoacetylated TCRa region (TEA, Ja25,
and Ca) (Fig. 3). The blocking element alpha
delta (BEAD) region spanning V35 to TEA,
previously shown to have enhancer-blocking

EEVBTJCEO Ei VBT JCEsO
RAG-2" x TCR § (Rxf) Eat

activity (24), appears to be a transition zone.
Notably, although the Jo-Co region is hy-
poacetylated in DN thymocytes, Ex itself is
hyperacetylated. Because Ea is occupied but
inactive in DN thymocytes (/6), local acetyla-
tion over Ea likely relates to its occupancy,
rather than activity.

The transition to DP (RX) was marked
by a pronounced shift to a hyperacetylated
state over the entire Ja-Ca region, and an
increase in acetylation over V85 (Fig. 3) and
C3 (23). These changes reflect activation of
Ea, because they were not detected in DP
thymocytes of Ea ™/~ mice. Thus, Ea modu-
lates histone acetylation over at least 85 kb,
paralleling its effects on both V(D)J recom-
bination and transcription. Although E3 itself
is inactivated on transition to DP (I6), H3
acetylation in the TCR3 region was main-
tained in E« ™/~ DP thymocytes. Thus, TCR3
acetylation is determined, at least in part, by
elements other than E3, a notion consistent
with the residual TCR® rearrangement in
E3~/~ mice (21).

In summary, analysis of both a transgenic
V(D)J recombination reporter substrate and the
endogenous TCRo/3 locus indicate E3 and Ea
to be long-range developmental regulators of
H3 acetylation. H3 hyperacetylation is a conse-
quence of enhancer occupancy, because a 3-bp
E8 mutation that prevents CBF/PEBP2 binding
prevents enhancer-dependent minilocus H3 hy-
peracetylation. Nevertheless, the precise mech-
anism that translates enhancer occupancy into
long-range changes in histone acetylation is not
known. In both the minilocus and the endoge-
nous locus, regions displaying H3 hyperacety-
lation were invariably those displaying accessi-
bility to the recombinase. Because H3 hyper-
acetylation is highly predictive of gene segment
accessibility yet exists in the absence of recom-
bination (i.e., on a Rag-2~/~ background), we
propose that it plays a primary role in establish-
ing accessibility for V(D)J recombination. His-
tone hyperacetylation was recently reported not
to affect accessibility of mononucleéosomal
RSSs to recombinant RAG proteins in a simple
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in vitro system (3). Acetylation-dependent ac-
cessibility may therefore require more-complex
chromosomal substrates or remodeling activi-
ties that are present in vivo but not yet repro-
duced in vitro. We suggest a model for V(D)J
recombination in which cis-regulatory elements
direct access to RAG proteins in vivo by induc-
ing the region- and developmental stage—spe-
cific hyperacetylation of histone H3.
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A Critical Role for Murine
Complement Regulator Crry in

Fetomaternal Tolerance
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Complement is a component of natural immunity. Its regulation is needed to
protect tissues from inflammation, but mice with a disrupted gene for the com-
plement regulator decay accelerating factor were normal. Mice that were deficient
in another murine complement regulator, Crry, were generated to investigate its
role in vivo. Survival of Crry~/~ embryos was compromised because of complement
deposition and concomitant placenta inflammation. Complement activation at the
fetomaternal interface caused the fetal loss because breeding to €37/~ mice
rescued Crry~/~ mice from lethality. Thus, the regulation of complement is critical
in fetal control of maternal processes that mediate tissue damage.

Activation of complement promotes natural
immunity by inducing chemotaxis of inflam-
matory cells, enhancing phagocytosis by neu-
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trophils and monocytes, facilitating immune
complex clearance, and mediating cell lysis
by the membrane attack complex (/). Com-
plement can also bind and attack self tissues,
especially in areas of active inflammation. In
vitro studies have shown that cells are pro-
tected from the deleterious effects of comple-
ment by proteins that regulate complement
activation (2).

Three membrane-bound proteins regulate
the activation of the third and fourth compo-
nents of complement (C3 and C4) on the
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