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Abstract—2,3,7 8-Tetrachlorodibenzo-p-dioxin (TCDD) has both agonist and antagonist effects on
estrogen-mediated activities and estrogen receptor (ER) levels in epithelial tissues following exposure.
We previously demonstrated that TCDD alters bone marrow lymphocyte stem cells, including
prothymocytes, as measured by functional assays and alterations in the lymphocyte stem cell-specific
markers terminal deoxynucleotidy! transferase (TdT) and recombinase activating gene-1 (RAG-1). We
have also shown that 178-estradiol valerate (E,V) affects lymphocyte stem cells by reducing TdT and
RAG-1 mRNA. It has been suggested that the effect of TCDD on these lymphocyte stem cells may
be mediated directly or indirectly through estrogenic action and/or the ER. Studies were designed to
evaluate whether endogenous estrogens or the ER mediate TCDD-elicited bone marrow alterations
and thymic atrophy. Ovariectomy did not alter the sensitivity of mice to TCDD-induced thymic atrophy
or to a reduction in TdT biosynthesis in bone marrow cells compared with either intact or sham-
operated mice. The pure estrogen antagonist ICI 164,384 blocked E,V-induced uterine hypertrophy,
thymic atrophy and reductions in lymphocyte stem cell markers. However, the antiestrogen failed to
protect against TCDD-elicited thymic atrophy or bone marrow alterations in intact animals. The results
are consistent with the hypothesis that the effects of TCDD on the thymus and/or bone marrow are
mediated by mechanisms independent of estrogens or the ER.
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2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD$) and
estrogen are agents with well documented immuno-
modulatory properties [1,2]. One of the primary
targets of TCDD and estrogen immunotoxicity is
the thymus [3, 4]. Although it has been demonstrated
that TCDD-induced thymic atrophy is due to events
initiated by TCDD binding to the aryl hydrocarbon
receptor (AhR) [5], and, by analogy, it is likely that
estrogen also elicits atrophy via the estrogen receptor
(ER) [6], the actual direct cellular targets mediating
these alterations are unknown. The ability of these
agents to directly affect thymic epithelium [7-9] and/
or thymocytes [9-11] has been reported. Recent
studies have shown that alterations in the lymphoid-
specific stem cell populations likely contribute to the
thymic atrophy induced by TCDD and estrogens
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[12-14]. Normal T-cell development in the neonate
or adult requires the migration of extrathymic
lymphocyte stem cells from the fetal liver or bone
marrow to the thymus [15,16]. Donskoy and
Goldschneider [17] recently reported that the
bone marrow provides thymocyte precursor cells
throughout postnatal life. Thus, agents that affect
thymocyte stem cells could alter intrathymic T-cell
development and the mature T-cell repertoire. The
determination of the mechanism(s) whereby TCDD
or estrogen causes this involution will likely lead to
a greater understanding of the more subtle and
longer term effects of these agents on the immune
system.

Many similarities exist between the actions of
TCDD and estrogens on the thymus. We observed
that maximal atrophy induced by a single injection
of TCDD or 17B-estradiol valerate (E,V) was not
attained in mice until at least 12 days following
treatment, and this atrophy persisted for at least as
long as 24 days [18]. In the normal thymus,
thymocytes develop through a variety of stages from
cells lacking the surface markers CD4 and CD8
(CD4787) to cells expressing both cell markers
(CD4%8%). These CD4*8* cells are the major
immature intrathymic subpopulation and develop
into the more mature single positive CD4*8~ or
CD478" cells that migrate to the periphery to
compose the functionally mature T-cell repertoire
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[19]. Flow cytometric analysis of the thymocyte
subpopulations at the time of maximal atrophy in
TCDD- or E,V-treated mice revealed that TCDD
(30 ug/kg) reduces all thymocyte subpopulations
[12, 13], whereas E,V (75 mg/kg) results in a more
selective loss of the immature CD4*8* thymic subset
[18]. However, responsive mouse strains exposed to
TCDD at doses greater than 60 ug/kg [11, 20, 21],
or to high dose (>50 mg/kg) estradiol administration
[18,22-24], display a preferential depletion of the
CD4*8* subset. We found that although a single
injection of E,V at a lower dose (5 mg/kg) can cause
a similar degree of atrophy, the relative reduction
of the CD4*8" thymocyte subpopulation was less
than observed at a higher dose (>50 mg/kg) [18].
These results imply that multiple cellular targets
with differing dose dependencies may exist for
TCDD and estrogen.

Bone marrow hypocellularity also occurs following
in vivo exposure to either TCDD or estrogen [25-
27]. This loss of bone marrow cells has been
correlated with inhibition of hematopoiesis, including
reductions in progenitor cells of the granulocyte-
macrophage (CFU-GM) lineage and “pluripotent”
cells (CFU-S) [26,27]. More recently, our lab-
oratories determined that TCDD markedly affects
lymphocyte stem cells in bone marrow, including
cells with prothymocyte activity at doses causing
minimal or no effect on either CFU-GM or CFU-§
[13, 28]. Bone marrow cell populations from TCDD-
treated mice manifest reductions in the lymphocyte
stem cell-specific enzyme terminal deoxynucleotidyl
transferase (TdT), reduction of both TdT and
recombinase activating gene-1 (RAG-1) mRNA
expression, and a decreased ability to reconstitute
the thymic compartment of irradiated syngeneic
animals {12, 13, 18, 28]. Similarly, bone marrow cell
populations from animals treated with E,V were
depleted significantly of populations expressing TdT
and RAG-1, with reductions in TdT biosynthesis
and TdT and RAG-1 mRNA. For both agents, the
time course of thymic atrophy correlated with
reductions in both TdT and RAG-1 in the bone
marrow [18, 29].

The perinatal animal has been shown to be
especially sensitive to the immunomodulatory effects
of both TCDD and estrogen [30-33]. Fine et al.
[12,28] showed that exposure to TCDD in
utero affects prethymic development, and reduces
prothymocyte activity and lymphocyte precursors in
bone marrow and fetal liver. Similarly, Holladay et
al. [14] found that diethylstilbestrol (DES), a
nonsteroidal estrogenic compound, reduces TdT-
expressing cell populations and prothymocyte activity
of fetal liver cells. Therefore, thymic atrophy induced
by both TCDD and estrogen could be due, in part,
to the reduced capacity of these lymphocyte stem
cells to repopulate thymic tissue. This lymphocyte
stem cell population might be the most sensitive and
specific hematopoietic target for these two agents
during fetal development.

The connection between the biologic actions of
TCDD and estrogen was first noted by Kociba et al.
[34] who found an increased incidence of liver cancer
in rats exposed to TCDD. However, these animals
were protected from spontaneously arising mammary
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and uterine tumors. More recently, Lucier et al. [35]
observed the hepatic tumor promoting ability of
TCDD to be much greater in intact than in
ovariectomized animals. Umbreit and Gallo [36]
suggested that TCDD and estrogen may act by
similar mechanisms, because TCDD causes similar
physiologic and pathologic responses as observed
with hypo- and hyperestrogenemia. For example,
TCDD causes a reduction of estrogen-induced
uterine growth and development in the female
reproductive system [37, 38]. However, TCDD does
not bind directly to steroid hormone receptors
{39, 40], unlike the estrogen antagonist ICI 164,384
(ICI), which has high affinity for the ligand binding
site on the ER [41]. Thus, TCDD may exert tissue-
specific estrogenic and antiestrogenic effects in other
ways [36, 37], such that the effect of TCDD on the
thymus and bone marrow-derived stem cells might
be mediated directly or indirectly through estrogenic
action and/or the estrogen receptor. In this paper
we describe studies, using ovariectomized mice and
the estrogen antagonist ICI, to determine the
possible roles of estrogens and/or the ER in TCDD-
induced thymic atrophy and alterations of lymphocyte
stem cell populations in bone marrow.

MATERIALS AND METHODS

Animals. Normal, sham-operated and ovari-
ectomized BALB/c mice were obtained from Charles
River (Raleigh, NC) at 28 days of age. Mice were
ovariectomized (OvX) or sham-operated (sham-
OvX) when they were 23 days old. For antiestrogen
studies, normal immature (22-day-old) female
BALB/c] mice were obtained from Jackson
Laboratories (Bar Harbor, ME). Mice were
randomly assigned to treatment groups (3-6 mice/
group), housed in cages containing Beta Chip™
hardwood bedding (Northeastern Products Corp.,
Warrensburg, NY), and given food and water ad
lib. Animals were maintained at a constant
temperature and humidity on a 12:12 hr light:dark
cycle, and acclimated for 1 week prior to treatment.

Chemicals. TCDD  (Cambridge Isotopes,
Cambridge, MA) and S-estradiol-17-valerate (Sigma
Chemical Co., St. Louis, MO), were diluted to an
appropriate concentration in olive oil. ICI 164,384
[N - n - butyl - N - methyl - 11 - (3,17 - dihydroxy-
oestra-1,3,5 - (10) - trien - 7« - yl)undecanamide],
a gift of Dr. A. E. Wakeling (ICI Pharmaceuticals,
England), was prepared in 95% ethanol and diluted
in olive oil.

Animal treatment. For ovariectomy studies,
normal, sham-operated, and ovariectomized mice,
5 weeks of age, received a single i.p. injection of
either TCDD (30 ug/kg) or olive oil (vehicle-treated;
0.1 mL/0.02 kg). Mice were killed by CO, overdose
12 days after injection, thymus and hind leg bones
were removed immediately, and thymus wet weight
was determined. The dose and time of TCDD
exposure have been found to be optimal for elicited
thymic atrophy [18].

To determine whether antiestrogen reverses
estrogen-induced uterine hypertrophy or thymic
atrophy, two different doses of E,V, 15 ug/kg or
5mg/kg, respectively, were utilized in a similar
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Table 1. E;V dose-response experiment

Rel. uterine wtt,%
(mg/g body wt,
wet wt)

Rel. thymus wtt, i
(mg/g body wt,
wet wt)

E,V*
(ug/kg)

Control§
1.0§

5.08

10§

15§

50§
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75,0001
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10,0001t
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* Three separate experiments were performed to
determine appropriate uterotrophic dose and/or thymic
atrophy dose.

+ N = 3-6 mice per dose group; mice were injected s.c.
at 30-36 days of age.

t Individual uterine and thymus weights from each
mouse were divided by the body weight of each mouse to
determine relative organ weight. Values are expressed as
means + SD.

§ Thymus examined 4 days after injection.

|| Significantly different (P < 0.05) from control, as
determined by ANOVA and Student’s ¢-test.

f Thymus examined 6 days after injection.

** Not determined.

++ Thymus examined 12 days after injection.

dosing protocol. The dose of 15 ug/kg E,V induced
an approximate 1.5- to 3-fold increase in relative
uterine weight, with little or no observed decrease
in thymus weight after 4 days. Preliminary evidence
showed 1 mg/kg E,V caused statistically significant
thymic atrophy after 6 days, but not after 12 days
(data not shown), whereas 5mg/kg E,V reduced
relative thymus weights by approximately 50% after
6 days and 70% by 12 days (Table 1). Thus, in the
studies described, the lower E,V dose (15 ug/kg)
was used to examine the effect of ICI on uterine
weights and the higher dose (5 mg/kg) was used to
examine the effect of ICI on thymic atrophy. Normal,
4-week-old, female BALB/c] mice received either
a single s.c. injection of E,V (15 ug/kg or 5 mg/kg)
or ICI (7.5 mg/kg) or a single i.p. injection of TCDD
(30 ug/kg) (day 0). Control (vehicle-treated) mice
received olive oil (0.1 mL/0.02 kg) alone by s.c. or
i.p. injection. Also beginning on day 0, and
subsequently on days 1 through 5, all mice received
an additional s.c. dose of either olive oil (0.1 mL/
0.02kg) or ICI (7.5 mg/kg). The dose of ICI used
in our studies was based upon the studies of Wakeling
and Bowler [42]. Animals were killed by CO, over-
dose on day 6 of the experiment, and thymus, uterus,
and hind leg bones were removed immediately.
Thymic and uterine wet weights were determined
and normalized to animal body weight, and the
averaged control values were then taken as 100%.
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No exceptional animal weight gain or loss, or visible
behavioral alterations were observed in any of the
treatment groups relative to controls in either the
ovariectomy or antiestrogen studies.

The doses of estrogen used in these experiments
were designed to induce either uterine hypertrophy
or thymic atrophy. The estrogen dose used to induce
thymic atrophy in our studies has been shown to
raise blood estrogen levels approximately 10- to 20-
fold higher than fluctuating physiologic levels in a
pregnant mouse 1 day following administration
(43, 44]. However, by days 10-14 post-administration
(the point at which estrogen-induced maximal
atrophy is reached [18, 29]), blood estrogen levels
are approximately equivalent to normal maximal
proestrous levels [43, 44].

Cell isolation. Thymuses were removed and
dissected free of nodes and blood vessels, and the
individual thymuses were weighed and pooled.
Thymocytes were released by mashing the pooled
organs in a 100 x 60 mm petri dish with a sterile
10 mL plastic syringe plunger in cold Minimum
Essential Medium (MEM) with Hanks’ Salts
(GIBCO, Grand Island, NY) containing 5% fetal
bovine serum (FBS) (Sigma) until organs were
completely dissociated. Tissue was triturated and
the debris was eliminated by passing the cell
suspension through 75-gauge Nylon mesh. To obtain
bone marrow cells, femur and tibia were dissociated
free of attached tissues, both ends of the bone were
cut at the epiphysis, and the shafts were flushed with
MEM + 5% FBS. Cells were pelleted and then
incubated with ACK red cell lysis buffer
(0.17 MNH,CI, 10 mM KHCO,;, 1 mM EDTA) for
2 min to remove contaminating red blood cells from
the bone marrow cell suspensions. MEM + 5% FBS
was added, and then leukocytes were pelleted by
centrifugation, washed once, and resuspended with
MEM + 5% FBS for cell counting. Cell yield and
viability were determined by enumeration of multiple
samples of pooled cells in each group by trypan blue
dye (0.08%) exclusion and light microscopy (400X,
Neubaur hemocytometer). Viability was greater than
90% in all experimental samples, and the standard
deviation was less than 5%.

TdT protein biosynthesis analyses. Metabolic
synthesis of TdT protein in bone marrow cells and
thymocytes was evaluated by immunoprecipitation
as previously described [12, 13]. Briefly, 1-2 x 107
thymocytes or bone marrow cells were washed with
calcium- and magnesium-free HBSS (GIBCO),
resuspended in 2.0 mL MEM (without methionine)
with Earle’s Balanced Salt Solution and supple-
mented with 10% dialyzed FBS, 50 uM fS-mer-
captoethanol (Sigma), 2 mM L-glutamine (GIBCO),
1 mM sodium pyruvate (GIBCO), 100 U/mL peni-
cillin, and 100 ug/mL streptomycin (Sigma). [*°S}-
Methionine (ICN Biomedicals, Inc., Irvine, CA)
(100 uCi/107 cells) was added to cell cultures that
were incubated for 2.5 to 3 hr at 37° and 5% CO..
The nonadherent cells were recovered and washed
with calcium- and magnesium-free HBSS, and the
cell pellets were frozen and stored at —80° until
analysis. Cells were lysed and ultra-centrifuged, and
the supernatants were precipitated with an excess of
rabbit anti-calf TdT polyclonal antiserum which was
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shown to cross-react with mouse TdT (a gift of M.
S. Coleman, University of North Carolina, Chapel
Hill, NC). Actin was co-precipitated by anti-actin
antibodies that normally occur in the serum.
Protein was precipitated from an equal amount of
biosynthesized protein as indicated by equal amounts
of [*S]methionine label incorporated into acid-
precipitable material. Immunoprecipitates were
analyzed by separation on SDS-PAGE gels and
autoradiography. Quantitative values were obtained
by scanning densitometry by “Pict file” analysis using
a Microtek Color/Grey Scanner and the Adobe
Photoshop computer program (Adobe Systems, Inc.,
Mountain View, CA) run on a Macintosh Ilci
computer to import the autoradiogram image. The
“NIH Image” software program (NIH Research
Service Branch, NIH, Bethesda, MD) was used to
quantify mean band densities and areas. Scanning
was done at 200 dpi resolution and 150% scaling.
The amount of TdT (60 kDa) was normalized to the
amount of actin (45 kDa), and the averaged control
values for a particular exposure determined to be in
the linear range were then taken as 100%. Analyses
were performed in duplicate, and all values,
normalized to controls, were within 20% of each
other.

T7dT and RAG-1 RNA analyses. Total cellular
RNA was isolated from bone marrow cells and
thymocytes using the guanidinium thiocyanate
method of Chomczynski and Sacchi [45] and
quantified by optical density at 260 nm. Samples
(5 ug) of thymocyte RNA and samples of bone
marrow RNA (20 ug) were separated by size in 1%
agarose-formaldehyde 14 cm horizontal gels, alkaline
fragmented, and transferred to “Magnagraph” Nylon
membranes (MSI, Westborough, MA) using a Bio-
Rad Transblot Apparatus (Mountain View, CA)
and Tris-acetate buffer. RNA was bound to the
membrane by vacuum oven baking or in some cases
by UV cross-linking.

TdT and RAG-1 cDNA probes were excised from
plasmid DNA as previously described [12, 46, 47].
¢DNA inserts were 3P-labeled by random oligo-
nucleotide priming using the Amersham “Multi-
prime DNA Labeling System” (Amersham, Arling-
ton, IL) and [**P]dCTP (NEN, Boston, MA). The
murine pTdT 20 probe [46] and the murine pRAG-1
[47] (gift of D. Schatz, Yale University, New Haven,
CT) were labeled to equal levels, and blots were
probed simultaneously for both TdT mRNA (2.2 kb)
and RAG-1 mRNA (6.1 kb) using equal amounts of
input radioactivity in a Hybrid Minihybridization
System Oven (National Labnet, Woodbridge, NJ)
at 65° overnight. Nylon membrane blots were washed
twice at 65° for 5 min with 2x SSC and once for 30~
40 min at the same temperature in 0.1% SDS and
0.1x SSC. Autoradiograms were obtained by serially
exposing the probed filter at ~70° to obtain exposures
within the linear range of the film (from 1 day to 3
weeks). After development of the autoradiograms,
the RAG-1 and TdT probes were removed by
stripping according to the manufacturer’s directions
{Magnagraph, MSI), except at 70° instead of the
recommended 65°. Blots were then reprobed for -
actin (2.0kb) (probe a gift of Dr. J. Hamlin,
University of Virginia; originally from Dr. P.
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Aponte, Stanford University). RAG-1, TdT, and
actin autoradiograms were quantified as described
above, and compared values were normalized to the
average of the control values. RNA analyses were
performed in triplicate, and all values, normalized
to controls, were within 20% of each other.
Statistics. All experiments were performed wholly
or in part at least twice, and the most comprehensive
data set for each study is shown. Although there
was some variation (<30%) of both the control and
experimental data between experiments, the same
trend, e.g. no effect of ICI treatment on TCDD-
induced thymic atrophy, was consistent. The
statistical difference between control and treatment
groups was determined using a randomized complete
block analysis of variance (ANOVA). Student’s ¢
test was used to evaluate differences between
individual E,V or TCDD treatment groups to their
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Fig. 1. Effect of TCDD on thymus atrophy in normal,
sham-operated and ovariectomized mice. Thymuses were
removed from TCDD-treated (&) and vehicle-treated (O)
animals 12 days after treatment; the relative weights and
total cellularity per thymus were determined as described
in Materials and Methods. (A) Relative thymus weights
(mg/g) of vehicle-treated controls were 4.3 = 0.5 for OvX
(N =15), 43+0.5 for sham-OvX (N =3), and 4.3+ 0.3
for normal mice (N = 5). Values for relative thymus weights
are presented as means + SD. (B) Average thymus cellu-
larity values of pooled vehicle-treated control mice were:
1.9 x 10 (OvX), 1.8 x 10° (sham-OvX), and 1.8 x 108
{normal). The numbers of TCDD-treated mice in this
experiment were: OvX (N = 7), sham-OvX (N = 8), and
normal (N = 8). Key: (*) significantly different (P < 0.05)
from control, as determined by ANOVA and Student’s ¢-
test.
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Fig. 2. Effect of TCDD on TdT biosynthesis in bone
marrow from OvX, sham-OvX and normal mice. Bone
marrow cells were isolated, pooled and assayed in duplicate
by immunoprecipitation for [¥S]methionine-labeled TdT
protein, as described in Materials and Methods. The data
are presented as a percent of control (vehicle-treated) (O)
for OvX, sham-Ovx, and normal mice (N = 5 for vehicle-
treated and 7 or 8 for TCDD-treated (&) groups).
Normalized bone marrow TdT/actin ratios for vehicle-
treated controls were 0.600 for OvX, 0.630 for sham-OvX,
and 0.610 for normal mice.

respective vehicle-treated controls. Results were
considered statistically significant at P < 0.05.

RESULTS

Effect of ovariectomy on TCDD-induced thymic
atrophy. To determine the influence of endogenous
estrogens on TCDD-induced thymic atrophy, we
used prepubertal mice that were ovariectomized at
23 days of age. Mice were examined 12 days after
administration of a single i.p. injection of 30 ug/kg
TCDD. Surgical removal of the ovaries from
immature female mice or sham-operation did not
affect either thymus weights or cellularity (Fig. 1).
Following TCDD treatment, however, significant
thymic atrophy occurred equivalently in the groups
of normal, sham-OvX, and OvX mice. This atrophy
was manifest as a greater than 60% reduction in
thymus weight and a greater than 75% decrease in
thymus cellularity compared with respective vehicle-
treated controls (Fig. 1). TCDD-induced thymus
atrophy in normal, sham-OvX, and OvX groups was
correlated with at least a 50% reduction (as compared
with control) of TdT biosynthesis capacity in bone
marrow cells isolated from these mice (Fig. 2).
However, little or no loss of TdT biosynthesis in
thymocytes from the treated mice was observed
(data not shown). The apparent greater sensitivity
of the marrow cells as compared with thymocytes,
at least as determined by TdT biosynthesis, is
consistent with our previous studies [12, 13, 29].

Effect of antiestrogen on uterine hypertrophy and
thymic atrophy. Although the above ovariectomy
study suggests that endogenous estrogens do not
affect or mediate the action of TCDD on the thymus
and/or bone marrow, it is possible that extragonadal
estrogens [48] may mediate TCDD’s effects. It is
also possible that TCDD treatment may by some
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Fig. 3. Effects of E,V (15 ug/kg), TCDD and ICI on uterus
and thymus. Normal, 4-week-old, female BALB/cJ mice
received either a single s.c. injection of E,V (15 ug/kg) or
ICI (7.5 mg/kg) or a single i.p. injection of TCDD (30 ug/
kg) (day 0). Control (vehicle-treated) mice received olive
oil (0.1 mL/0.02kg) alone by s.c. or i.p. injection. Also
beginning on day 0, and subsequently on days 1 through
5, all mice received an additional sc dose of either olive
oil (0.1mL/0.02kg) or ICI (7.5 mg/kg). Animals were
killed by CO, asphyxiation at day 6 and the following
parameters determined: (A) relative uterine weight (mg/
g), (B) relative thymus weight (mg/g), and (C) pooled
thymus cellularity. The data are presented as percent of
control {vehicle-treated) equivalent to the means = SD.
The absolute relative uterine weight for E,V and TCDD
control groups was 0.98 = 0.22 (N = 3-5 animals for each
group). Absolute relative thymus weights for E,V and
TCDD control groups were 4,13 = (.45 and 4.48 = 0.42,
respectively (N = 3-5 animals for each group). The average
absolute number of cells per thymus for E;V and TCDD
control groups was 1.92 x 10 and 2.16 x 10* (N = 3-5
animals for each group). Key: (*) significantly different
(P < 0.05) from control, as determined by ANOVA and
Student’s f-test.

mechanism increase the functional activity of the
ER despite substantially lower endogenous levels of
estrogen. To test these possibilities, we examined
the ability of the specific estrogen antagonist, ICI,
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Fig. 4. Effects of E,V (15 ug/kg), TCDD and ICI on TdT
biosynthesis in bone marrow cells. Animals were treated
as described in the legend of Fig. 3. Bone marrow cells
were isolated, pooled and assayed in duplicate by
immunoprecipitation for [*S}methionine-labeled TdT
protein, as described in Materials and Methods. The data
presented here are from a single experiment and are
representative of four different experiments where ICI was
used in conjunction with E,V or TCDD. The values are
presented as a percent of control (vehicle-treated) for each
of the treatment groups (N = 3-5 animals for each group).
Normalized bone marrow TdT/actin ratios for vehicle-
treated controls were 0.612 for the E,V group and 0.573
for the TCDD group.

P

to block TCDD- and/or E;V-induced uterotrophic
changes or thymic atrophy. Due to limitations on
the amount of ICI that could be obtained, it was
first necessary to precisely define a minimal dosing
regimen that could effectively block both E,V-
induced uterotrophic effects and thymic atrophy in
immature female BALB/cJ] mice. We determined
our ICI dosing protocol from that described by
Wakeling and Bowler [42].

As a positive control it was necessary to
demonstrate the efficacy of the ICI dosing regimen
to inhibit an estrogenic response. Initially, an E,V
dose-response study was performed to determine
the minimal dose required to induce an increase in
uterine weight, but not thymic atrophy (see Table
1). The E,V dose of 15 ug/kg was selected for use
in further experiments requiring an E,V-induced
uterotrophic/no-atrophy response. Although vari-
able, this dose typically increased relative uterine
weight by 130-260% within 4-6 days post-injection,
with little or no effect on thymus weight compared
with control. This dose of E,V was administered
either alone, or in combination with the estrogen
antagonist, ICI, to normal adolescent mice (4 weeks
of age). E,V increased the relative uterine weight
in the experiment shown (Fig. 3) to 130% of vehicle-
treated control mice, without any significant
reduction of thymus weight or cellularity. ICI
treatment alone reduced relative uterine weight by
40% , but had no significant effect on relative thymic
weight or cellularity. ICT also significantly reduced
the E;V-induced increase in relative uterine weight
by greater than 50%. The expression of lymphoid-
specific stem cell markers, TdT and RAG-1, in the
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Fig. 5. Effects of E,V (15 ug/kg), TCDD and ICI on TdT
and RAG-1 mRNA expression in bone marrow. Animals
were treated as described in the legend of Fig. 3. Bone
marrow cells were isolated and pooled, and RNA was
extracted and analyzed in triplicate with specific cDNA
probes for TdT and RAG-1, as described in Materials and
Methods. The data presented here are from a single
experiment (the same as in Fig. 4) and are representative
of four different experiments where ICI was used in
conjunction with E,V or TCDD. The values are presented
as a percent of control (vehicle-treated) for respective
treatment groups (N =3-5 animals for each group).
Normalized bone marrow TdT/actin and RAG-1/actin
ratios for vehicle-treated controls were 1.047 (TdT) and
0.808 (RAG-1) for E,V-treated, and 1.392 (TdT) and 0.847
{RAG-1) for TCDD-treated mice.

bone marrow of these animals was not decreased by
this dose of E,V, ICI, or E,V + ICI (Figs. 4 and 5),
consistent with the lack of a significant effect on
thymic weight.

The specific antiestrogenic effect of ICI on E,V-
elicited thymic atrophy was demonstrated further in
another study. A single s.c. injection of 5 mg/kg
E,V caused a similar amount of thymic atrophy
within 12 days (Table 1), and reduced bone marrow
TdT and RAG-1 gene expression, as have been
observed with multiple or single higher doses of E,V
[18,22-24]. A comparable dose of E,V has been
shown to raise estrogen blood levels 1 day post-
injection approximately 10- to 20-fold higher than
normal fluctuating physiologic levels found in a
pregnant mouse [43, 44]. However, 10-14 days post-
administration (the point at which maximal thymic
atrophy is observed) blood estrogen levels are
approximately equivalent to normal maximal pro-
estrous levels [43,44]. ICI reversed the atrophy
induced by E,V (Fig. 6, A and B). In addition, ICI,
in this protocol, also inhibited the E,V-induced
reduction of bone marrow TdT and RAG-1 mRNA
expression (as compared with vehicle-treated control
animals, Fig. 6C). These experiments strongly
support the hypothesis that E,V causes thymic
atrophy and affects bone marrow lymphocyte stem
cells directly through the ER.

Effect of ICI on TCDD-induced thymic atrophy.
Finally, we examined whether TCDD could induce
thymus atrophy or reduce bone marrow TdT
biosynthesis, or TdT and RAG-1 mRNA expression
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Fig. 6. Effects of E,V (5 mg/kg) and ICI on (A) relative
thymus weight, (B) pooled thymus cellularity, and (C)
bone marrow TdT and RAG-1 mRNA expression. Normal,
4-week-old, female BALB/cJ mice received either a single
s.c. injection of E,V (5mg/kg) or ICI (7.5 mg/kg) or a
single i.p. injection of TCDD (30 ug/kg) (day 0). Control
(vehicle-treated) mice received olive oil (0.1 mL/0.02 kg)
alone by s.c. or i.p. injection. Also beginning on day 0,
and subsequently on days 1 through 5, all mice received
an additional sc dose of either olive oil (0.1 mL/0.02 kg)
or ICI (7.5mg/kg). Animals were killed by CO,
asphyxiation at day 6. The data presented here are from a
single experiment. The graphs are expressed as actual
numbers (means *+ SD) or as percent of control (vehicle-
treated) for vehicle-treated and treatment groups (N =6
animals for each group). Key: (*) significantly different
(P < 0.05) from control, as determined by ANOVA and
Student’s t-test. Normalized bone marrow TdT/actin and
RAG-1/actin ratios for vehicle-treated control mice were

1.276 and 0.583, respectively.

in the presence of the estrogen antagonist ICI. The
thymic atrophy inducing dose of TCDD (30 ug/kg)
[which produced a degree of atrophy equivalent to
that of 5 mg E,V/kg (Table 1)] was administered to
mice and followed by daily doses of ICI or vehicle
for 6 days. TCDD alone caused a slight reduction
in relative uterine weight (20%), whereas TCDD in
combination with ICI caused an additional reduction
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in relative uterine weight to 50% of control values
(Fig. 3A). TCDD also significantly reduced the
relative thymus weight by greater than 45%, and
thymus cellularity by greater than 60% compared
with control (Fig. 3, B and C). However, ICI
did not inhibit TCDD-induced thymus atrophy.
Furthermore, the atrophy induced by TCDD
correlated with a reduction in bone marrow TdT
biosynthesis (>55%) and TdT and RAG-1 (>60%)
gene expression whether given alone or in
combination with ICI (Figs. 4 and 5). Thus, ICI
blocked the tissue-specific uterotrophic response
(Fig. 3) and thymic atrophy elicited by E,V (Fig. 6),
but had no effect on TCDD-induced thymic atrophy
or reduction of the bone marrow parameters that
could contribute to thymic atrophy. These results
strongly suggest that TCDD does not act through
the ER to induce thymic atrophy.

DISCUSSION

TCDD has both estrogenic and antiestrogenic
properties that affect a variety of estrogen-responsive
tissues [36]. It has been known for many years that
the thymus and T-cell-mediated immune functions
in animals are influenced by endogenous or
exogenous estrogens [3, 32, 49}. Since both TCDD
and estrogen cause thymic atrophy in animals, we
examined the possibility that TCDD acts through an
immuno-endocrine axis to cause this pathologic
change. The present study revealed that the
development of thymic atrophy in mice administered
TCDD is not mediated through estrogenic effects
on thymus or bone marrow. Ovariectomy had no
effect on the ability of TCDD to elicit either thymic
atrophy or alterations in bone marrow TdT activity.
Furthermore, the estrogen antagonist ICI was able
to block E,V-induced uterotrophic effects and thymic
atrophy, but had no effect on TCDD-elicited
alterations in the thymus and bone marrow. Thus,
TCDD causes thymic atrophy and changes in
lymphoid stem cell populations regardless of the
estrogen status of the mice.

Our studies with E,V and ICI show that the
estrogenic effects upon hormonally responsive tissues
or cells are mediated via the ER. ICI has been
shown to act as a pure estrogen antagonist. That is,
ICI is devoid of any measurable estrogenic activity
upon binding to the ER [41, 50]. The induction of
uterine hypertrophy by E,V in our studies was
reduced with ICI treatment, as previously shown by
Wakeling and Bowler [42]. The dose of E,V used in
our experiments to induce uterine hypertrophy did
not cause thymic atrophy or reduce TdT biosynthesis
or TdT and RAG-1 mRNA expression in the bone
marrow. ICI alone had no significant effect on any
of these parameters. However, previous experiments
have shown that an E,V dose (75 mg/kg) that causes
alterations in thymus weight, cellularity, and
cell phenotype also reduces these bone marrow
parameters [18]. In our present study, a lower dose
of E,V (5mg/kg) was utilized (which induced an
equivalent amount of thymic atrophy compared with
75 mg/kg E,V), and ICI effectively reversed not
only thymic atrophy, but also the E,V-elicited
reduction of TdT and RAG-1 expression in bone
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marrow. The inhibition of E,V-induced TdT or
RAG-1 mRNA depletion by ICI could be due to
direct effects on transcriptional regulation of the
messages [51], or, as we prefer to suggest, the
inhibition of cell differentiation, proliferation or cell
death induced by E,V treatment. This is the first
study to show that ICI can inhibit estrogen-induced
thymic atrophy and lymphocyte stem cell alterations.
Earlier work utilized the partial estrogen agonist
and antagonist, tamoxifen, to block estrogen-induced
thymus atrophy, bone marrow hypocellularity, and
reduction of CFU-S activity [52, 53]. These findings
support our earlier work indicating that estrogen
acts on distinct molecular targets through the ER to
cause bone marrow alterations that may be related
to thymic atrophy [18].

TCDD causes thymic atrophy and this atrophy is
associated with a reduction of bone marrow TdT
synthesis, TdT and RAG-1 mRNA expression, and
a decreased capacity of these cells to repopulate the
thymus compartment of irradiated syngeneic animals
{12, 13, 28]. Genetic evidence supports the concept
that the binding of TCDD to the Ah receptor
initiates events that lead to thymic atrophy [5].
Furthermore, the TCDD-elicited alterations in bone
marrow TdT and RAG-1 appear to be dependent
on the Ah receptor [54]. Similarly, work by other
investigators [52, 53, 55] and the present data also
support the concept that estrogen binds to the ER
to initiate events leading to thymic atrophy and bone
marrow alterations. However, TCDD does not bind
to the ER [40], nor do steroids bind to the AhR
[56]. Furthermore, because ICI specifically binds to
the ER to inhibit estrogenic action, any direct or
indirect action of estrogen in TCDD-induced thymic
atrophy or bone marrow alterations should have
been inhibited. Thus, although E,V and TCDD
induce similar alterations in bone marrow and
thymus, they apparently do so through different
mechanisms, at least at the receptor level.

TCDD and E,V cause thymic atrophy with similar
kinetics, although E,V has a more selective effect
on the CD4*8* population in the thymus [18]. Both
agents cause thymic atrophy by a slow developing
but ultimately persistent reduction in thymic weight
and cellularity. We have postulated that the atrophy
induced by these agents is due in part to their
alterations of bone marrow-derived lymphocyte stem
cells [12,13,29]. The lymphoid-specific stem cell
markers, TdT and RAG-1, expressed by these bone
marrow cells, represent a common target for both
TCDD and E,V. In addition, we have observed in
the present and additional [18] studies that the
TCDD or E,V doses that cause reductions in these
lymphoid stem cell markers are those that also
induce thymic atrophy. These results imply that the
actions of TCDD and E,V are specific for TdT and
RAG-1 expressing cells, and this is consistent with
the ability of these compounds to affect lymphocyte
stem cell development. Whether this is due to direct
or indirect killing of stem cells or their precursors,
inhibition of precursor differentiation, or an unusual
specific effect on those genesinvolved in recombinase
activities has yet to be determined. Although TdT
and RAG-1 have been suggested to be in identical
populations in the adult thymus [57, 58], we have
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observed recently that SCID (severe combined
immunodeficiency) mice can have normal levels of
TdT mRNA on a per cell basis in their atrophied
thymuses, but have significantly reduced levels of
RAG-1 compared with normal and heterozygous
littermates.” Furthermore, it has been well estab-
lished that during B-cell differentiation cells involved
in the rearrangement of immunoglobulin light chain
elements lack TdT [59]. These observations indicate
that the RAG-1 and TdT gene products are
independently regulated and can be found in different
cell populations. To date, the effects of estrogens
on functional prothymocyte activity have not been
examined, as they have for TCDD[12, 13]. However,
Holladay et al. [14] have reported recently that
the non-steroidal synthetic estrogen DES affects
prothymocyte activity in a dose-dependent manner.
We interpret this and our current results as evidence
for estrogen acting in the bone marrow to contribute
to thymus atrophy.

In summary, as we have reported elsewhere [18],
E,V exerts effects upon bone marrow cells that are
quite similar to TCDD. However, we report here
that TCDD-induced thymic atrophy and bone
marrow effects are not influenced by estrogenic
effects or the ER. These results are also consistent
with the interpretation that TCDD and estrogen
treatment, through their individual intracellular
receptors, initiate events leading to alterations in
the bone marrow-derived lymphocyte stem cells
responsible for colonizing the thymus, which could
result in reduced thymic seeding and contribute to
the development of thymic atrophy.

Acknowledgements—This work was supported, in part, by
NIEHS Grant ES04862 (T.A.G. and A.E.S.), Center
Grant ES01247 (T.A.G.), and Training Grant ES07026
(D.E.F.). It was also aided by Reproductive Hazards in
the Workplace, Home, Community and Environment
Research Grant No. 15-156 from the March of Dimes Birth
Defects Foundation {T.A.G. and A.E.S.) and The
Hendricks Fund (A.E.S.). The present work could not
have been possible without the technical assistance and
expertise of Nancy Fiore and Johann Soults. Many thanks
to them for their devotion to this project.

REFERENCES

1. Vos JG and Luster MI, Immune alterations. In:
Halogenated Biphenyls, Terphenyls, Naphthalenes,
Dibenzodioxins and Related Products (Eds. Kimbrough
RD and Jensen S), pp. 295-322. Elsevier Science
Publishers, New York, 1989.

2. Ahmed SA and Talal N, Sex steroids, sex steroid
receptors, and autoimmune diseases. In: Steroid
Receptors and Diseases (Eds. Blum K and Trachtenberg
MC]}, pp. 289-308. Marcel Dekker, New York, 1988.

3. Dougherty FF, Effect of hormones on lymphatic tissue.
Physiol Rev 32: 379-401, 1952.

4. Poland A and Knutson JC, 2,3,7,8-Tetrachlorodibenzo-
p-dioxin and related halogenated aromatic hydro-
carbons: Examination of the mechanism of toxicity.
Annu Rev Pharmacol Toxicol 22; 517-554, 1982,

* Carroll AM, and Silverstone AE, Marked reduction
in both RAG-1 and RAG-2 message in V(D)J recombinase
active SCID thymocytes. Manuscript submitted for
publication.



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Role of estrogen in TCDD-induced thymic atrophy

. Poland A and Glover E, 2,3,7,8-Tetrachlorodibenzo-

p-dioxin: Segregation of toxicity with the Ah locus.
Mol Pharmacol 17: 86-94, 1930.

. Yamamoto KR, Steroid receptor regulated transcription

of specific genes and gene networks. Annu Rev Genet
19: 209-252, 1985.

. Luster MI, Hayes HT, Korach K, Tucker AN, Dean

JH, Greenlee WF and Boorman GA, Estrogen
immunosuppression is regulated through estrogenic
responses in the thymus. J Immunol 133: 110-116,
1984.

. Greenlee WF, Dold KM, Irons RD and Osborne R,

Evidence for direct action of 2,3,7,8-tetrachloro-
dibenzo-p-dioxin (TCDD) on thymic epithelium.
Toxicol App! Pharmacol 79: 112-120, 1985.

. Kawashima I, Seiki K, Sakabe K, Ihara S, Akatsuka

A and Katsumata Y, Localization of estrogen receptors
and estrogen receptor-mRNA in female mouse thymus.
Thymus 20: 115-121, 1992.

Gulino A, Screpanti I, Torrisi MR and Frati L,
Estrogen receptors and estrogen sensitivity of fetal
thymocytes are restricted to blast lymphoid cells.
Endocrinology 117: 47-54, 1985.

McConkey DJ, Hartzell P, Duddy SK, Hékansson H
and Orrenius S, 2,3,7,8-Tetrachlorodibenzo-p-dioxin
kills immature thymocytes by Ca’*-mediated endo-
nuclease activation. Science 242: 256-259, 1988.
FineJS, Gasiewicz TA and Silverstone AE, Lymphocyte
stem cell alterations following perinatal exposure to
2,3,7 8-tetrachlorodibenzo-p-dioxin. Mol Pharmacol
35: 18-25, 1989.

Fine JS, Silverstone AE and Gasiewicz TA, Impairment
of prothymocyte activity by 2,3,7,8-tetrachlorodibenzo-
p-dioxin. J Immunol 144: 1169-1176, 1990.

Holladay SD, Blaylock BL, Comment CE, Heindel ]J,
Fox WM, Korach KS and Luster MI, Selective
prothymocyte targeting by prenatal diethylstilbestrol
exposure. Cell Immunol 152: 131-142, 1993.

Adkins B, Mueller C, Okada CY, Reichert RA,
Weissman IL and Spangrude GJ, Early events in T-
cell maturation. Annu Rev Immunol 5: 325-365, 1987.
Basch RS and Kadish JL, Hematopoietic thymocyte
precursors. II. Properties of the precursors. J Exp Med
145: 405-419, 1977.

Donskoy E and Goldschneider I, Thymocytopoiesis is
maintained by blood-borne precursors throughout
postnatal life. J Immunol 148: 1604-1612, 1992.
Silverstone AE, Frazier DE Jr, Fiore NC, Soults JA
and Gasiewicz TA, Dexamethasone, B-estradiol,
and 2,3,7 8-tetrachlorodibenzo-p-dioxin elicit thymic
atrophy through different cellular targets. Toxicol Appl
Pharmacol, in press.

Rothenberg EV, The development of functionally
responsive T cells. Annu Rev Immunol 51: 185-214,
1992.

Kerkvliet NI and Brauner JA, Flow cytometric analysis
of lymphocyte subpopulations in the spleen and thymus
of mice exposed to an acute immunosuppressive
dose of 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD).
Environ Res 52: 146-154, 1990.

Lundberg K, Gronvik K-O, Goldschmidt TJ, Klareskog
L and Dencker L, 2,3,7,8-tetrachlorodibenzo-p-dioxin
(TCDD) alters intrathymic T-cell development in mice.
Chem Biol Interact 74: 179-193, 1990.

Barr IG, Khalid BAK, Pierce D, Toh B-H, Bartlett
PC, Scollay RG and Funder JW, Dihydrotestosterone
and estradiol deplete corticosensitive thymocytes
lacking in receptor for these hormones. J Immunol
128: 2825-2828, 1982.

Novotny EA, Raveche ES, Sharrow S, Ottinger M and
Steinberg AD, Analysis of thymocyte subpopulations
following treatment with sex hormones. Clin Immunol
Immunopathol 28: 205-217, 1983.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34

35.

36.

37.

38.

39.

40.

2047

Screpanti I, Morrone S, Meco D, Santoni A, Gulino
A, Paolini R, Crisanti A, Mathieson BJ and Frati L,
Steroid sensitivity of thymocyte subpopulations during
intrathymic differentiation. Effects of 178-estradiol and
dexamethasone on subsets expressing T cell antigen
receptor or IL-2 receptor. J Immunol 142: 3378-3383,
1989.

Gardner WU and Pfeiffer CA, Skeletal changes in mice
receiving estrogens. Proc Natl Acad Sci USA 37: 678
679, 1938.

Fried W, Tichler T, Dennenberg I, Barone J and Wang
F, Effects of estrogens on hematopoietic stem cells and
on hematopoiesis of mice. J Lab Clin Med 83: 807-
815, 1974.

Luster MI, Boorman GA, Dean JH, Harris MW,
Luebke RW, Padarathsingh ML and Moore JA,
Examination of bone marrow, immunologic parameters
and host susceptibility following pre- and postnatal
exposure  to 2,37 8-tetrachlorodibenzo-p-dioxin
(TCDD). Int J Immunopharmacol 2: 301-310, 1980.
Fine JS, Gasiewicz TA, Fiore NC and Silverstone AE,
Prothymocyte activity is reduced by perinatal 2,3,7,8-
tetrachlorodibenzo-p-dioxin exposure. J Pharmacol
Exp Ther 255: 128-132, 1990.

Silverstone AE, Fiore NC, Soults JA, Cunningham
LM and Gasiewicz TA, 2,3,7,8-Tetrachiorodibenzo-p-
dioxin affects lymphocyte stem cells: Comparison with
corticosteroids and estrogens. Chemosphere 5. 103
106, 1992.

Vos JG and Moore JA, Suppression of cellular
immunity in rats and mice by maternal treatment with
2,3,7 8-tetrachlorodibenzo-p-dioxin. Int Arch Allergy
Appl Immunol 47: 777-794, 1974.

Thomas PT and Hindsill RD, The effect of perinatal
exposure to tetrachlorodibenzo-p-dioxin on the immune
responses of young mice. Drug Chem Toxicol 2: 77—
98, 1979.

Kalland T, Fossberg TM and Forsberg J-G, Effect of
estrogen and corticosterone on the lymphoid system in
neonatal mice. Exp Mol Pathol 28: 76-95, 1978.
Screpanti I, Gulino A and Pasqualini JR, The fetal
thymus of guinea pig as an estrogen target organ.
Endocrinology 111: 1552-1561, 1982.

Kociba RJ, Keyes DG, Beyer JE, Carreon RM, Wade
CE, Dittenber DA, Kalnins RP, Frauson LE, Park
CN, Barnard SD, Humme! RA and Humiston CG,
Results of a two-year chronic toxicity and oncogenicity
study of 2,3,7,8-tetrachlorodibenzo-p-dioxin in rats.
Toxicol Appl Pharmacol 46: 279-303, 1978.

Lucier GW, Tritscher A, Goldsworthy T, Foley J,
Clark G, Goldstein J and Maronpot R, Ovarian
hormones  enhance  2,3,7,8-tetrachlorodibenzo-p-
dioxin-mediated increases in cell proliferation and
preneoplastic foci in a two-stage model for rat
carcinogenesis. Cancer Res 51: 1391-1397, 1991.
Umbreit TH and Gallo MA, Physiological implications
of estrogen receptor modulation by 2,3,78-tetra-
chlorodibenzo-p-dioxin. Toxicol Let 42: 5-14, 1988.
Safe S, Astroff B, Harris M, Zacharewski T,
Dickerson R, Romkes M and Biegel L, 2,3,7,8-
Tetrachlorodibenzo-p-dioxin (TCDD) and related
compounds as antioestrogens: Characterization and
mechanism of action. Pharmacol Toxicol 69: 400-409,
1991.

Gallo MA, Hesse EJ, MacDonald GJ and Umbreit
TH, Interactive effects of estradiol and 2,3,7,8-
tetrachlorodibenzo-p-dioxin on hepatic cytochrome P-
450 and mouse uterus. Toxicol Lett 32: 123-132, 1986.
Neal RA, Beatty PW and Gasiewicz TA, Studies of the
mechanisms of toxicity of 2,3,7,8-tetrachlorodibenzo-p-
dioxin (TCDD). Ann NY Acad Sci 320: 204-213, 1979.
Romkes M, Piskorska-Pliszczynska J and Safe S, Effects
of 2,3,7,8-tetrachlorodibenzo-p-dioxin on hepatic and



2048

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51

uterine estrogen receptor levels in rats. Toxicol Appl!
Pharmacol 87: 306-314, 1987.

Weatherill PJ, Wilson APM, Nicholson RI, Davies R
and Wakeling AE, Interaction of the antioestrogen ICI
164,384 with the oestrogen receptor. J Steroid Biochem
30: 263-266, 1988.

Wakeling AE and Bowler J, Novel antioestrogens
without partial agonist activity. J Steroid Biochem 31:
645-653, 1988.

Barkley MS, Geschwind II and Bradford GE, The
gestational pattern of estradiol, testosterone and
progesterone secretion in selected strains of mice. Biol
Reprod 20: 733-738, 1979.

Mobbs CV, Flurkey K, Gee DM, Yamamoto K, Sinha
YN and Finch CE, Estradiol-induced adult anovulatory
syndrome in female C57BL/6] mice: Age-like neuro-
endocrine, but not ovarian, impairments. Biol Reprod
30: 556-563, 1984.

Chomczynski P and Sacchi N, Single-step method of
RNA isolation by acid guanidinium thiocyanate-
phenol-chloroform extraction. Anal Biochem 162: 156~
159, 1987.

Landau NR, St. John TP, Weissman IL, Wolf SC,
Silverstone AE and Baltimore D, Cloning of terminal
transferase cDNA by antibody screening. Proc Nail
Acad Sci USA 81: 5836-5840, 1984.

Schatz DG, Oettinger MA and Baitimore D, The
V(D)J recombination activating gene, RAG-1. Cell 59:
1035-1048, 1989.

Siiteri PK, Sex hormone production and action. Arthritis
Rheum 22: 1284-1294, 1979.

Chiodi H, The relationship between the thymus and
the sexual organs. Endocrinology 26: 107-117, 1940.
Wakeling AE, The potential for a novel pure anti-
oestrogen. Horm Res 32: 257-260, 1989.

Arbuckle ND, Dauvois S and Parker MG, Effects of

52.

s3.

55.

56.

57.

58.

59.

D. E. FRAZIER, JR. ef al.

antioestrogens on the DNA binding activity of
oestrogen receptors in vitro. Nucleic Acids Res 20:
3839-3844, 1992.

Luster MI, Boorman GA, Korach KS, Dieter MP
and Hong L, Mechanisms of estrogen-induced
myelotoxicity: Evidence of thymic regulation. Int J
Immunopharmacol 26: 287-297, 1984.

Gulino A, Screpanti I and Pasqualini JR, Estrogen
and antiestrogen effects on different lymphoid cell
populations in the developing fetal thymus of guinea
pig. Endocrinology 113: 1754-1762, 1983.

. Fiore NC, Frazier DE Jr, Soults JA, Silverstone AE

and Gasiewicz TA, Ah-receptor phenotype affects
TCDD sensitivity of lymphocyte stem cells. Toxicologist
13: 101, 1993.

Pasqualini JR, Gulino A, Sumida C and Screpanti I,
Anti-estrogens in fetal and newborn target tissues. J
Steroid Biochem 20: 121-128, 1984.

Okey AB, Bondy GP, Mason ME, Kahl GF, Eisen
HIJ, Guenthner TM and Nebert DW, Regulatory gene
product of the Ah locus. J Biol Chem 254: 11636—
11648, 1979.

Bogue M, Gilfillan S, Benoist C and Mathis D,
Regulation of N-region diversity in antigen receptors
through thymocyte differentiation and thymus
ontogeny. Proc Natl Acad Sci USA 89: 11011-11015,
1992.

Turka LA, Schatz DG, Oettinger MA, Chun JIM,
Gorka C, Lee K, McCormack WT and Thompson BC,
Thymocyte expression of RAG-1 and RAG-2:
Termination by T cell receptor cross-linking. Science
253: 778-781, 1991.

Desiderio SV, Yancopoulos GD, Paskind M, Thomas
E. Boss MA, Landau N, Alt FW and Baitimore D,
Insertion of N-regions into heavy-chain genes is
correlated with expression of terminal deoxytransferase
in B cells. Nature 311: 752-755, 1987.



