Bromocriptine restores tolerance in estrogen-treated mice
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Estrogen can modulate autoimmunity in certain models of systemic lupus erythematosus. Recently,
we have shown that it can mediate survival and activation of anti-DNA B cells in a mouse transgenic
for the heavy chain of a pathogenic anti-DNA antibody. To identify whether estrogen effects reflect
increased prolactin secretion, we characterized B-cell autoreactivity in transgenic mice given both
bromocriptine (an inhibitor of prolactin secretion) and estradiol. Treatment of mice with estradiol
plus bromocriptine led to reduced titers of anti-DNA antibodies and diminished IgG deposition in
kidneys compared with treatment with estradiol alone. However, mice treated with estradiol plus
bromocriptine showed an expansion of transgene-expressing B cells and enhanced Bcl-2 expression,
similar to those of estradiol-treated mice. We identified anergic high-affinity anti-DNA B cells in mice
treated with estradiol plus bromocriptine, and we showed by molecular analysis of anti-DNA hybrido-
mas that their B cells derive from a naive repertoire. Thus, the estradiol-induced breakdown in B-cell
tolerance can be abrogated by bromocriptine, which induces anergy in the high-affinity DNA-reac-
tive B cells. These studies demonstrate that some of the effects of estrogen on naive autoreactive B
cells require the presence of prolactin and, thus, suggest potential therapeutic interventions in lupus.

J. Clin. Invest. 106:1373-1379 (2000).

Introduction

Systemic lupus erythematosus (SLE) is an autoim-
mune disease primarily affecting young women. The
peak incidence of disease occurs during childbearing
age, with a female/male ratio of 9:1. This preponder-
ance of lupus in women has been thought to reflect
hormonal regulation of the immune system. Studies
in patients with SLE and in animal models of this dis-
ease have suggested that a hyperestrogenic state may
contribute to the disease process (1-7). These studies
have demonstrated that estrogen exacerbates autore-
activity, but have not elucidated its mechanism of
action at a cellular or molecular level. For example, it
is not yet determined whether functional estrogen
receptors are expressed in lymphocytes (8). Thus, it
remains uncertain whether estrogen acts directly on
lymphoid cells or whether the effects of estrogen on
the immune system are indirect. Because estrogen is a
physiological prolactin-stimulating agent (9), and
because prolactin receptors have been demonstrated
on both T and B lymphocytes (10-13), it is possible
that the effects of estrogen are at least partially medi-
ated through prolactin.

Prolactin is a peptide hormone that has been long
known to affect mammary growth and development.
There is increasing evidence that prolactin functions
also as an immunostimulatory molecule and, therefore,
has the potential to contribute to the pathogenesis of
autoimmune diseases (14-21). An association between

SLE and elevated prolactin levels has been suggested
(22-29); attempts to correlate prolactin levels with
either global lupus activity (30-36) or specific organ
involvement (37, 38), however, have yielded varying
results. Small-scale clinical trials in SLE with
bromocriptine, a drug that blocks prolactin secretion by
the anterior pituitary, have suggested a beneficial effect
in patients with mild and moderate disease activity (25,
39). Recent studies in female NZB/W F1 lupus-prone
mice demonstrated that hyperprolactinemia leads to
accelerated disease and early mortality (40, 41), where-
as bromocriptine treatment improves survival (42).

To study the regulation of anti-double-stranded (ds)
DNA B cells, our laboratory has generated BALB/c
mice transgenic for y2b heavy chain of the pathogenic
R4A anti-ds DNA antibody (43). In this model, the R4A
heavy chain can associate with the endogenous light
chain repertoire, such that some transgene-encoded
antibodies bind DNA while others do not. Three dis-
tinct populations of anti-ds DNA B cells have been
identified: (a) an ignorant or indifferent B-cell popula-
tion that is not tolerized and produces nonpathogen-
ic, low-affinity anti-ds DNA antibodies (44); (b) an
anergic population that produces high-affinity anti-ds
DNA antibodies that acquire high affinity for DNA by
somatic mutation (45, 46); and (c) a deleted population
of naive B cells in which unmutated germline
immunoglobulin genes encode high-affinity anti-DNA
antibodies. These deleted cells have been identified in
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R4A, bcl-2 double transgenic mice (47). Recent studies
have demonstrated that the deleted population of anti-
DNA B cells is rescued and activated by treatment with
estrogen and that high serum titers of anti-DNA anti-
body are present in estrogen-treated transgenic mice
(48). The objective of the current study was to investi-
gate whether the effect of estrogen on autoreactive
B-cell survival and activation is prolactin mediated.
We, therefore, decided to study prolactin-mediated
modulation of DNA-reactive B cells using bromocrip-
tine as an inhibitor of prolactin secretion. The results
from our studies demonstrate that activation, but not
rescue of anti-DNA B cells, is mediated by prolactin.

Methods

Transgenic mice. BALB/c mice transgenic for the y2b
heavy chain of the pathogenic R4A anti-ds DNA anti-
body were bred at the animal facility of the Albert Ein-
stein College of Medicine. Female mice, 10-16 weeks
old, were used in these studies.

Estrogen treatment. The R4A transgenic mice were
given subcutaneous implants of 17(3-estradiol (E,) or
placebo (Innovative Research of America, Medo, Ohio,
USA), as described previously (48). The estradiol pellets
have been demonstrated to release estradiol at a con-
stant serum level of 75-100 pg/ml for 6-8 weeks.

Bromocriptine treatment. Bromocriptine (Sigma Chem-
ical Co., St. Louis, Missouri, USA) at a dose of 400 pig
daily was injected intraperitoneally into mice with
estradiol implants beginning 1 week after estradiol
implantation for a total of 4 weeks. The dose of
bromocriptine was chosen to effectively suppress
serum prolactin levels to the level present in hypophy-
sectomized animals (41). Mice were not treated with
bromocriptine alone, as there could be no decrease in
autoreactivity below baseline (untreated) levels.

ELISAs. Immulon-2 plates (Dynex Technologies, Chan-
tilly, Virginia, USA) were coated with calf thymus ds
DNA, dried overnight at 37°C and then blocked with 1%
PBS-BSA for 90 minutes at 37°C. The plates were incu-
bated for 90 minutes at 37°C with supernatants nor-
malized to 5 lg/ml or with serum diluted 1:500. Anti-ds
DNA antibodies were detected with isotype-specific sec-
ondary antibodies coupled to alkaline phosphatase
(Southern Biotechnology, Birmingham, Alabama, USA)
diluted 1:1,000. The plates were developed with the sub-
strate p-nitrophenylphosphate sodium (Sigma Chemi-
cal Co.), and the OD was determined by Titertek Multi-
scan Plus ELISA reader (Eflab, Helsinki, Finland).

Flow cytometry. Splenocytes were isolated from place-
bo-, estradiol-, or estradiol plus bromocriptine-treated
mice. Red blood cell lysis was performed by treatment
with 0.17 M NH4Cl for 5 minutes at room temperature.
Spleen cells were stained with FITC- or PE-conjugated
antibodies specific for B220, or y2b (PharMingen, San
Diego, California, USA), at 4°C for 30 minutes, washed,
fixed with 2% paraformaldehyde and analyzed by flow
cytometry (Becton Dickinson Immunocytometry Sys-
tems, Mountain View, California, USA).

To examine intracellular levels of Bcl-2, splenocytes
were first stained with Cy-Chrome-conjugated anti-
bodies specific for CD19 (Caltag Laboratories,
Burlingame, California, USA) and fixed with 1%
paraformaldehyde. After fixation, the cells were incu-
bated with 0.3% saponin (Sigma Chemical Co.) and
rabbit anti-Bc1-2 IgG (Santa Cruz Biotechnology Inc.,
Santa Cruz, California, USA) on ice for 30 minutes.
After washing with 0.03% saponin, the splenocytes were
incubated with FITC-goat anti-rabbit IgG antibody
(PharMingen) for 30 minutes, fixed with 1%
paraformaldehyde, and analyzed by FACScan flow
cytometer (Becton Dickinson Immunocytometry Sys-
tems). The data was analyzed with Cell Quest software
(Becton Dickinson Immunocytometry Systems).

ELISPOT assay. Splenocytes alone or stimulated with
LPS 20 pg/ml (Sigma Chemical Co.) or anti-CD40 (20
Mg/ml) (PharMingen) and IL-4 (300 U/10°¢ cells)
(PharMingen) were incubated in RPMI media contain-
ing 10% FCS at 37°C. After 48 hours, splenocytes were
washed and added to Immulon-2 plates coated with 50
pl/well of calf thymus ds DNA at a concentration of 100
Hg/ml. After 4 hours of incubation, biotin-conjugated
goat anti-mouse y2b (Southern Biotechnology) diluted
1:1,000 was added and plates were incubated overnight
at 4°C. Plates were incubated with alkaline phos-
phatase-conjugated streptavidin (Southern Biotechnol-
ogy) at a 1:1,000 dilution for an hour at room tempera-
ture. The plates were developed with 5-bromo-4-chloro-3
indolyl phosphate substrate (Sigma Chemical Co.) at
room temperature for 2-4 hours. Spots were counted
under a dissecting microscope.

Glomerular immunoglobulin deposition. Kidney sections
were prepared as described previously (49). Formalin-
fixed, paraffin-embedded kidney sections were stained
with biotinylated-anti-mouse IgG antibody and devel-
oped with the alkaline phosphatase ABC detection kit
(Vector Laboratories, Burlingame, California, USA).
IgG deposition assessment was based on the percent of
IgG-stained glomeruli in 50 counted glomeruli. Kid-
neys with less than 25% stained glomeruli were graded
as +;25-75%, as ++; and more than 75%, as +++.

B-Cell hybridomas. Splenocytes were isolated from R4A
transgenic BALB/c mice treated with estradiol plus
bromocriptine. Red blood cells were lysed, and isolated
splenocytes were fused to NSO cells at 2:1 ratio using
standard hybridoma methodology (50). The hybrido-
mas were plated in 96-well U-bottom Costar plates
(Corning, New York, USA) at 2 x 10° cells/ml in HAT
medium. Hybridoma supernatants were normalized for
¥2b concentration at 5 pg/ml and were screened for
DNA binding by ELISA.

RNA dot blots. The anti-ds DNA antibody-producing
hybridomas were screened for transgene expression by
RNA dot blot, as described previously (45). The cells
were lysed with lysis buffer: 2.5 M KSCN (Mallinckrodt
Inc., Paris, Kentucky, USA), 2.5 mM sodium citrate (J.T.
Baker Inc., Phillipsburg, New Jersey, USA), and 50%
DMSO (Mallinckrodt Inc.). The lysates were transferred
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Figure 1

Serum titers of anti-ds DNA reactivity. Twenty-three BALB/c R4A
transgenic mice were included in the experiment. Four mice were given
subcutaneous implants of placebo (P) pellets, and 19 were given
estradiol (E2) implants. Bromocriptine (Brc) at a dose of 400 pg daily
was injected intraperitoneally in ten mice with E2 implants beginning
1 week after implantation and continuing for 4 weeks. Sera were col-
lected before the implantation of the pellets and then weekly after
implantation. All sera were assayed by ELISA for anti-DNA binding in
the same assay. (a) Anti-DNA reactivity on serum diluted 1:500 was
significantly higher in E2-treated mice than in E2 plus Brc-treated
mice (P =10.01 at the end of week 3, and P < 0.01 at weeks 4 and 5).
There was no significant difference in anti-DNA reactivity between
placebo- and E2 plus Bre-treated mice. (b) Anti-DNA reactivity from
serum obtained after 5 weeks of treatment was assayed at different
dilutions. E2-treated mice demonstrated significantly higher titers at
dilutions less than 1:1,000 (P < 0.01). The results are expressed as the
mean absorbance at 405 nm + SD (OD405).

to nitrocellulose and hybridized to a 32P-labeled 210-bp
DNA fragment that detects all members of the S107 Vi
family. The S107 Vy-positive hybridomas were screened
for expression of a VK1 light chain by RNA dot blot
using a 230-bp probe for genes of the VK1 family (46).

Light chain gene usage. Light chains of R4A transgenic-
expressing anti-ds DNA-secreting hybridomas were
sequenced. RNA was extracted, and RT-PCR was per-
formed using FR1 VK primers and a K constant region
primer as described elsewhere (46). The
PCR products were purified by QIAquick
spin columns (QIAGEN Inc., Santa
Clara, California, USA). V gene sequences
were determined using an ABI 377 auto-
mated sequencer (Perkin-Elmer, Applied
Biosystems, Foster City, California, USA).
Sequence analysis was performed with
Genetics Comparison Group software
(Madison, Wisconsin, USA).

Statistical analysis. Standard statistical
tests (mean value, SD, Student’s ¢ test)
were performed for data analysis.
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activation of DNA reactive B cells (48). The DNA-reac-
tive population that is rescued is a population of naive
B cells expressing unmutated light chains; this popu-
lation is normally deleted when the transgene is
expressed in a nonautoimmune mouse strain. To deter-
mine whether the estrogen effect is mediated through
prolactin, we compared anti-DNA serum titers in R4A
transgenic mice treated with placebo, estradiol, and
estradiol plus bromocriptine, which suppresses pro-
lactin secretion. Four female R4A-y2b transgenic
BALB/c mice were implanted with placebo pellets,
whereas 19 were implanted with estradiol pellets. A
week after implantation, ten of 19 estradiol-implanted
mice were treated with bromocriptine for 4 weeks.
Blood samples were collected on a weekly basis starting
a day before implantation. Serum samples were ana-
lyzed for anti-DNA antibody production by ELISA. By
the fourth and fifth week of treatment, the titers of
anti-ds DNA antibodies increased significantly in
estradiol-treated mice compared with both placebo-
and estradiol plus bromocriptine-treated mice (Figure
1). There was no significant difference in the serum
anti-DNA titers between placebo- and estradiol plus
bromocriptine-treated mice, demonstrating that
bromocriptine can abrogate the estradiol induced acti-
vation of DNA-reactive B cells.

Glomerular IgG deposition was detected in kidneys
of 12 of 17 estradiol-treated mice (+ deposits in three
mice, ++ in seven mice, and +++ in two mice), which was
consistent with earlier findings that increased levels of
estradiol lead to secretion of potentially pathogenic,
high-affinity anti-ds DNA B cells (48). Glomerular
deposits were found in only two of 18 estradiol plus
bromocriptine-treated mice (+ deposits only) and in
none of five placebo-treated mice (Figure 2). These
findings were consistent with the previous observation
that unmanipulated R4A transgenic BALB/c mice
effectively regulate the production of anti-ds DNA anti-
bodies (43). Furthermore, these data demonstrate that

v w

Immunohistochemistry of kidney sections. Five placebo-treated, 17 E2-treated, and

Results

Anti-ds DNA antibody production in placebo-,
estradiol-, and estradiol plus bromocrip-
tine—treated mice. We have previously
demonstrated that estrogen abrogates
B-cell tolerance by enabling survival and

18 E2 plus Bre-treated mice were sacrificed 5 weeks after implantation. The kidneys
immunostained for IgG deposition were read and graded by a blinded observer. IgG
deposits were found in 12 E2-treated mice (+ deposits in three mice, ++ in seven mice,
and +++ in two mice), in two of E2 plus Brc-treated mice (+ deposits only), and in
none of placebo-treated mice. (a) A representative section from a mouse treated with
E2, which developed glomerular deposits. (b) A representative section from a mouse
treated with E2 plus Brc. x40.
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Figure 3

Analysis of peripheral lymphocytes by flow cytometry. Splenocytes were
isolated from four placebo-treated, six E2-treated, and six E2 plus
Bre-treated mice 5 weeks after pellet implantation. Data are present-
ed as the mean = SD of transgene-positive B cells. A higher percentage
of B cells express y2b in E2-treated and E2 plus Brc-treated mice than
in placebo-treated mice (P =0.01 and P = 0.04, respectively).

bromocriptine can block the increase in anti-ds DNA
titer and associated glomerular immunoglobulin dep-
osition that occurs with estradiol treatment.

Peripheral B-cell analysis. In the R4A transgenic mouse
model, essentially all y2b B cells express the transgene (45,
46), and estradiol has been demonstrated to cause expan-
sion of the transgene-expressing B-cell population (48).
As with estradiol-treated R4A y2B mice, there was a sig-
nificant increase in the percentage of transgenic B cells in
estradiol plus bromocriptine-treated mice (Figure 3).

Increased expression of the anti-apoptotic gene bcl-2
in B cells has been detected in estradiol-treated R4A
transgenic mice and is presumed to help mediate the
survival of autoreactive B cells (48). We demonstrated by
flow cytometry an increase in Bcl-2 expression in B cells
not only in estradiol-treated, but also in estradiol plus
bromocriptine-treated mice compared with placebo-
treated mice. There was no significant difference in Bcl-
2 expression between estradiol-treated and estradiol plus
bromocriptine-treated mice (Figure 4). These results
demonstrate that bromocriptine blocks neither the
expansion of y2b B cells nor the increased expression of
anti-apoptotic molecules mediated by estradiol.

Response to mitogenic stimulation. Because estradiol-
treated and estradiol plus bromocriptine-treated mice
had equivalent numbers of y2b B cells, but estradiol
plus bromocriptine-treated mice had lower titers of
anti-DNA antibody, we reasoned that there might be a
population of resting or anergic anti-DNA B cells pres-
ent in estradiol plus bromocriptine-treated mice.
There were more DNA-reactive B cells that sponta-
neously secreted antibody in estradiol-treated than in
estradiol plus bromocriptine-treated mice without
mitogenic stimulation (Figure 5). Anti-DNA-secreting
B cells were induced with LPS stimulation in all mice,
consistent with the presence of either resting or aner-
gic anti-DNA B cells. B cells from estradiol-treated
mice were also activated to secrete anti-DNA antibod-
ies by anti-CD40 plus IL-4, whereas the B cells from
estradiol plus bromocriptine-treated mice did not

respond to these activators (Figure 5), demonstrating
that the anti-DNA B cells in estradiol plus bromocrip-
tine-treated mice are anergic.

B-cell bybridomas from estradiol plus bromocriptine—treated
mice. To characterize the DNA-reactive B cells present in
estradiol plus bromocriptine-treated mice, we generat-
ed hybridomas from unstimulated and LPS-stimulated
B cells. Approximately 450 wells from three fusions pro-
duced hybridomas; 40 of 250 LPS and 12 of 200
non-LPS-stimulated B-cell hybridomas produced anti-
DNA antibody. All DNA-reactive cell lines expressed the
¥2b transgene. The supernatants of transgene-express-
ing clones were normalized to a y2b concentration of
5 Hg/ml. Sixteen hybridomas were selected for further
analysis. Six of seven hybridomas derived from unstim-
ulated B cells produced low-affinity anti-DNA antibody
(Figure 6). These hybridomas used a variety of non-Vk1
light chains, including Vk4, Vk8, and Vk21. One light
chain displayed evidence of somatic mutation, but it is
not known whether the mutations were critical for gen-
eration of anti-DNA specificity. In contrast, all the
hybridomas generated from LPS-stimulated B cells pro-
duced high-affinity anti-DNA antibodies; all but one
used a Vk1 light chain; all expressed a germline, unmu-
tated light chain gene (Figure 6) (Genbank accession
numbers: M15566, M28131, M15567,U88687,X59193,
L17135,K02159, and AF178630). Thus, the B cells from
estradiol plus bromocriptine-treated mice that were
immortalized following LPS stimulation were part of a
naive B-cell repertoire and were derived from the popu-
lation of B cells that has previously been shown to be
rescued from deletion by estrogen, but remained toler-

ized in the periphery.

Discussion

Clinical data and studies in animal models of lupus
have implicated estrogen as a possible exacerbating fac-
tor in SLE. Recent studies have shown that estrogen
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Figure 4

Flow cytometric analysis of Bcl-2 expression in B cells. Splenocytes from
five placebo-treated, six E2-treated, and six E2 plus Brc-treated mice
were isolated 5 weeks after pellet implantation, labeled with antibod-
ies against the CD19 surface marker and then stained for intracellular
Bcl-2. (a) The Bcl-2 expression denoted by mean fluorescence intensi-
ty (MFI) was significantly higher in E2-treated and E2 plus Brc-treat-
ed than in placebo-treated mice (P < 0.01 and P = 0.03, respectively).
(b) Representative histograms of Bcl-2 in placebo-treated (thin line),
E2-treated (thick line), and E2 plus Brc-treated (dotted line) mice.
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treatment can induce anti-ds DNA antibody produc-
tion in non-autoimmune C57BL/6 and anti-DNA
transgenic BALB/c mice (7, 48), further supporting the
potential of estrogen to contribute to the development
of SLE. Our laboratory has shown that estradiol blocks
deletion of naive autoreactive B cells that arise in the
bone marrow. However, it remains unclear whether the
immunostimulatory effects of estrogen are direct or are
mediated through induction of other factors. Because
estrogen increases prolactin secretion (51, 52) and
B cells express prolactin receptors (10, 13), it is possible
that the effect of estrogen on lymphoid cells is, at least
in part, mediated through prolactin. In this model,
estrogen would increase prolactin levels and prolactin
might then act directly and independently on lym-
phoid cells. If this model is correct, then bromocrip-
tine, which blocks prolactin secretion, should reverse
the effects of estradiol on B cells in vivo.

The R4A-y2b transgenic mouse model is well char-
acterized and offers an excellent system in which to
study B-cell fate. Using this model, we have shown
that estradiol can rescue naive high-affinity anti-
DNA B cells and induce pathogenic anti-ds DNA
antibody production (48). We used this model to

Figure 5

Enumeration of naive and stimulated anti-DNA-secreting B cells. Spleno-
cytes from five placebo-treated, six E2-treated, and five E2 plus Brc-treat-
ed mice were isolated 5 weeks after pellet implantation, and incubated
alone or with LPS, or anti-CD40/1L-4 at 37°C for 48 hours. The DNA-
reactive B cells from each group were enumerated by ELISPOT assay at
10% cells. There was a significantly higher number of spontaneously
secreting DNA-reactive B cells in E2-treated mice than in placebo-treat-
ed and E2 plus Brc-treated mice (P < 0.01). LPS induced a significant
increase in anti-DNA-secreting B cells in E2-treated, E2 plus Brc-treat-
ed, and placebo-treated mice. There was a response to anti-CD40/1L-4
only in E2-treated mice (P < 0.01); whereas E2 plus Brc-treated mice did
not demonstrate a significant increase in anti-ds DNA secretion after
incubation with anti-CD40/IL-4. Data are presented as the mean + SD.
Similar results were obtained in two separate experiments.

investigate whether the immunostimulatory effects
of estrogen are prolactin mediated, using bromocrip-
tine to block prolactin secretion.

Bromocriptine is a dopamine agonist that acts as a
prolactin-release inhibitor, and its major immuno-
suppressive activity is thought to be dependent on its
hypoprolactinemic effect (53). The data reported here
provide evidence that bromocriptine can abrogate the
activation of autoreactive B cells and the induction
of glomerular deposition mediated by estradiol in
R4A-y2b transgenic mice.

Bromocriptine treatment did not, however, reverse all
the effects of estradiol and did not lead to restoration
of the phenotype of the untreated mice. The expansion
of transgene-expressing B cells that is found in estradi-
ol-treated mice was also present in estradiol plus
bromocriptine-treated mice, demonstrating that this
effect is not mediated through prolactin. Although
both untreated and estradiol plus bromocriptine-treat-
ed mice maintain tolerance, and both possess popula-
tions of indifferent and anergic autoreactive B cells, the
anti-DNA B cells in estradiol plus bromocriptine-treat-
ed mice differed from those in untreated mice. In
untreated mice, we have shown that there is a popula-
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Figure 6
DNA-reactive hybridomas. Hybridomas were gen-
1 erated with the NSO fusion partner and either non-
stimulated or LPS-stimulated B cells from R4A
transgenic mice treated with E2 plus Brc. Super-
0.5 natants from DNA-reactive R4A-positive clones
were normalized to a y2b concentration of 5 pg/ml
H H | | and assayed for binding to calf thymus ds DNA by
0 . - i ELISA. R4A-y2b antibody and irrelevant y2b were
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tion of anergic B cells that is immortalized by cell
fusion only after LPS stimulation, displays somatically
mutated light chains, and appears to have acquired
high affinity for DNA as a consequence of somatic
mutation of the light chain. This population shows evi-
dence, therefore, of having been activated in vivo. In
estradiol plus bromocriptine-treated mice, the anergic
population is a naive autoreactive population derived
from a B-cell population that is normally deleted.
There is no evidence of activation of this B-cell popu-
lation in estradiol plus bromocriptine-treated mice.
Most notably, there is no evidence for activation of low-
affinity anti-DNA B cells such as is present before aner-
gy induction in untreated mice.

In summary, there are two features of estradiol plus
bromocriptine-treated mice that differ from those of
untreated mice. The first observation is that there is an
expansion of transgene-expressing Y2b-producing
B cells. Even in the presence of bromocriptine, estra-
diol continues to lead to an augmentation of trans-
gene expressing B cells.

It might be argued that during the week of exposure
to estradiol before initiation of bromocriptine treat-
ment, there was an opportunity for survival of autore-
active transgene-expressing B cells and that the
enhanced number of transgene-expressing B cells
reflects the action of estradiol during the week of estra-
diol treatment before treatment with bromocriptine
was begun. We believe this explanation is unlikely
because the expansion of y2b B cells is identical in estra-
diol-treated and estradiol plus bromocriptine-treated
mice. Furthermore, the percent of hybridomas making
anti-DNA antibodies from estradiol and estradiol plus
bromocriptine-treated mice is also the same, 10-15%.
If high-affinity anti-DNA B cells were rescued for only
1 week, and during the subsequent 4 weeks all newly
arising high-affinity anti-DNA B cells were deleted, the
presence of such B cells after 5 weeks would be dimin-
ished in mice receiving bromocriptine.

The second observation is that there is survival of
naive, high-affinity anti-DNA B cells but little, if any,
evidence for activation of this population. There is only
one light chain that displays any mutation. Moreover,
in the presence of bromocriptine, or in absence of pro-
lactin, the high-affinity anti-DNA B cells do not secrete
anti-DNA antibody spontaneously or in the presence
of anti-CD40 and IL-4, although they do secrete anti-
body when stimulated with LPS. These cells appear to
be anergic, or unusually resistant to activation. Thus,
in estradiol plus bromocriptine-treated mice, there is
rescue of autoreactive B cells consistent with the upreg-
ulation of Bcl-2, but the cells are present in a state that
is nonresponsive to physiological activation signals.

There are experimental data from in vitro cultures of
either T or B cells with mitogen, demonstrating that
bromocriptine can block mitogenic activation of both
T and B cells (54, 55) and suggesting that bromocrip-
tine may directly affect lymphoid cells. More recent
studies suggest that bromocriptine acts on the immune

system exclusively by decreasing titers of prolactin (53).
We cannot know in our study whether the effect of
bromocriptine is exclusively mediated through a
decrease in prolactin rather than a direct effect on lym-
phoid cells. Preliminary studies, however, suggest than
elevations of prolactin can break tolerance. We do not
yet know whether any of the mechanism(s) of break-
down in tolerance is similar to the mechanisms opera-
tive in estrogen-induced autoimmunity. We have not
yet determined why anergy would develop in the
absence of prolactin. It is possible that prolactin is nec-
essary to activate the B cell. Alternatively, it may be that
the activation of autoreactive B cells in this model is
T-cell dependent. In the absence of prolactin, T cells
may have a diminished ability to provide help to
autoreactive B cells. Autoreactive B cells encountering
antigen in the absence of T-cell help undergo anergy
induction. We favor this hypothesis.

These data confirm, in a novel murine SLE model,
that bromocriptine can reduce anti-DNA antibody
titers. This study demonstrates that survival of autore-
active B cells can be uncoupled from activation of those
B cells by manipulating hormone concentrations, and
it begins to dissect the role of different hormones in the
survival and activation of autoreactive B cells.
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