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SUMMARY

Oestrogens affect the development and regulation of the immune system. To determine the role of

oestrogen receptors a (ER-a) and b (ER-b) on the development of the immune system, male ER-a
(ERKO) and ER-b (BERKO) mice, as well as ab-double knockout (DERKO) mice, were studied.

Deletion of ER-a led to hypoplasia of both thymus and spleen. Interestingly, a higher frequency of

immature double CD4+ CD8+ thymocytes was found in ER-a± mice compared with ER-a+ mice.

Female oophorectomized BERKO mice given oestradiol (E2) displayed a similar degree of thymic

atrophy compared with the wild-type strain but showed only limited involution of thymus cortex

and no alteration of thymic CD4/CD8 phenotype expression. Our data demonstrate that expression

of ER-a, but not ER-b, is mandatory in males for development of full-size thymus and spleen,

whereas expression of ER-b is required for E2-mediated thymic cortex atrophy and thymocyte

phenotype shift in females. A potential background for the above ®ndings may be down-regulated

activity in the growth hormone/insulin-like growth factor-1 (GH/IGF-1) axis in males lacking ER-a
and suppressed sensitivity of females lacking ER-b to E2-mediated suppression of IGF-1.

INTRODUCTION

Oestrogens are known to exert multiple effects on the

development and regulation of the immune system. The

cellular and molecular mechanisms through which oestrogens

mediate these effects are, to a large extent, still unknown. It is

well established that oestrogens are important both for the

development of thymus and for thymic atrophy during

pregnancy.1,2 Oestrogens have been suggested to be responsible

for the heightened immune responsiveness and increased

incidence of autoimmune diseases in females compared to

males.3,4 In experimental systems, oestrogens have been shown

to decrease T-lymphocyte-dependent delayed-type hypersensi-

tivity (DTH),5 natural killer (NK)-cell mediated cytotoxicity6±8

and granulocyte-mediated in¯ammation,9 and to enhance

immunoglobulin and antibody production.5

Oestrogens exert their different biological effects by binding

to speci®c nuclear oestrogen receptors (ER). Oestradiol (E2)

was formerly believed to accomplish its effects through only

one receptor. Hence, it was puzzling that oestrogens could have

such diverse effects in different tissues and cells. In 1996 a novel

oestrogen receptor, named oestrogen receptor b (ER-b), was

cloned from rat prostate.10 mRNA and protein expression of

the ER-b gene have been detected in different tissues in various

species.11±13 Furthermore, cells involved in the immune system

express ER-b, for instance thymus and spleen of human mid-

gestational fetus14 and lymphocytes in human lymph nodes.11

With the existence of two different ERs, the diverse action of

oestrogen might be more easily explained and the variability

possibly even greater, as it has been shown in vitro that ER-a

and ER-b can form heterodimers on DNA.15,16

ER knockout mice, both the ER-a knockout, ERKO,17 and

the novel ER-b knockout, BERKO,18 are valuable tools for

using to understand through which of the two receptors

oestrogens act (reviewed in ref. 19).

Sex hormones in¯uence the fetal development of thymus

and regulate the size of the thymus gland in adult mice.

Typically, castration of both sexes leads to an increase of

thymus weight and cellularity.20,21 Exposure to endogenous

oestrogen during pregnancy,22 or treatment of castrated

animals with exogenous sex hormones, causes massive atrophy

of the thymus with typically increased frequencies of single

CD4+ and CD8+ T lymphocytes.20,21,23 In one study pub-

lished recently it was shown that male ERKO mice had smaller

thymi than wild-type (WT) littermates and that they displayed

less thymic atrophy and lacked the typical phenotypic altera-

tions of T cells upon exposure to E2.24 These results indicate
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that ER-a is mandatory for full development of the thymus and

for E2-induced thymic alterations.

In order to investigate the role of ER-a and -b in

development of the immune system of male mice, we used

ERKO, BERKO, double ER knockout (DERKO) and WT

mice, and analysed lymphocyte phenotypes and thymus and

spleen size. Furthermore, we exposed oophorectomized

female BERKO mice to E2 to investigate the role of ER-b
on oestrogen-mediated effects on thymus gland involution.

Serum levels of insulin-like growth factor-1 (IGF-1) were

analysed, and the possible role is discussed of the growth

hormone (GH)/IGF-1 axis on oestrogen-mediated effects on

the development and regulation of the immune system.

MATERIALS AND METHODS

Mice

Generation of DERKO mice. Male double-heterozygous

(ER-a+/± b+/±) mice were mated with female double-hetero-

zygous (ER-a+/± b+/±) mice on a mixed C57Bl/6 J/129 back-

ground resulting in WT, ERKO, BERKO and DERKO

offspring. Genotyping of tail DNA was performed by using

the polymerase chain reaction (PCR). The ER-a gene was

analysed with the primer pairs 5k-AACTCGCCGGCTGC-

CACTTACCAT-3k and 5k-CATCAGCGGGCTAGGCGA-

CACG-3k, resulting in a 320-bp fragment for the WT gene.

Primers 5k-TGTGGCCGGCTGGGTGTG-3k and 5k-GG-

CGCTGGGCTCGTTCTC-3k resulted in a 700-bp fragment

for the mutant gene. The ER-b gene was analysed

with the following primers: bNHD4-25 (5k-AGAA-

TGTTGCACTGCCCCTGCTGCT-3k), C1wt-27 (5k-GGA-

GTAGAAACAAGCAATCCAGACATC-3k) and Neo-25

(5k-GCAGCCTCTGTTCCACATACACTTC-3k). A 650-bp

product (bNHD4-25 and C1wt-27) was ampli®ed for the WT

gene and a 450-bp product (bNHD4-25 and Neo-25) was

ampli®ed for the mutant gene.

Breeding of BERKO mice. ER-b±/± (BERKO) and WT

(ER-b+/+) littermates were bred from heterozygous ER-b+/±

mice, and the ER-b gene was analysed as described above.

Housing conditions. Mice were housed with ®ve to 10

animals in each cage under standard conditions of temperature

and light, and fed standard laboratory chow ad libitum.

Castration and hormone treatment

In the oestrogen exposure experiments, all mice were oopho-

rectomized. Ovaries were removed after a ¯ank incision and

the incisions were kept closed with metallic clips. The

oophorectomy was carried out under Hypnorm1/Dormicum1

anaesthesia. Mice were rested for 1 week after castration

before the experiments were started, when mice were injected

subcutaneously (s.c.) with 0.1 mg/kg/day of 17b-estradiol

benzoate (E2) (Sigma, St Louis, MO). Control mice received

injections of vehicle oil (Apoteksbolaget, GoÈteborg, Sweden).

Cellular parameters

Tissue collection and single-cell preparation. The mice were

killed by cervical dislocation 24 hr after the last hormone

injection. Spleens and thymus glands were removed and

weighed. Single-cell suspensions were obtained after tissue

was mashed and passed through a nylon wool sieve. The cells

were centrifuged at 515 g for 5 min, and pelleted spleen cells

were resuspended in Tris-buffered 0.83% NH4Cl solution

(pH 7.29) to lyse erythrocytes. After washing in phosphate-

buffered saline (PBS) the total number of leucocytes was

calculated using an automated cell counter (Sysmex, Kobe,

Japan), and the cells were subjected to ¯uorescence-activated

cell sorter (FACS) analysis. Cell numbers were not adjusted

for viability as in earlier studies no changes in cell viability

were observed after repeated exposure of mice to 0.1 mg/kg/

day of oestradiol.25

Flow cytometry for analysis of cell phenotypes. Isolated

thymocytes were stained with ¯uorescein isothiocyanate

(FITC)-labelled antibodies to CD8a (clone 53-6.7) (Becton-

Dickinson, Franklin Lakes, NJ) and phycoerythrin (PE)-

conjugated antibodies to CD4 (clone H129.19) (Becton-

Dickinson). Spleen cells were labelled with aCD8-FITC,

aCD4-PE, aCD3e-PE (clone 145-2C11) (Becton-Dickinson)

and aCD45R/B220-FITC (clone RA3-6B2) (Becton-Dickin-

son). The cells were analysed in a ¯uorescence-activated cell

sorter (FACSCalibur; Becton-Dickinson). Stained cells were

expressed as percentage of gated mononuclear cells.

Histological parameters

Thymus glands taken at autopsy were placed in 4%

formaldehyde, dehydrated, sectioned and stained with haema-

toxylin and eosin. The sections were coded and examined in a

Leica microscope (Leica, Wetzlar, Germany) with the compu-

ter application LEICA QWIN (Leica). Whole thymus, cortex and

medulla areas were measured, and the ratio between the cortex

and total area was calculated (cortex area fraction).

Serological assays

Serum IGF-1 levels were measured by double-antibody

IGF-binding protein-blocked radioimmunoassay, according

to Blum & Breier.26

Statistical analysis

In the experiments comparing male ERKO, BERKO, DERKO

and WT mice we ®rst analysed each knockout group against

WT mice by use of the Mann±Whitney U-test. Next we used

a two-way analysis of variance (ANOVA) to ®nd statistical dif-

ferences with respect to the expression of ER-a and ER-b.

These analyses clearly demonstrated that all statistically sig-

ni®cant differences were linked to the presence or absence of

ER-a. Therefore, we pooled data from WT and BERKO (ER-

a+), and ERKO and DERKO (ER-a±) mice and subsequently

analysed the pools by using the Mann±Whitney U-test.

In the experiments analysing effects of E2 treatment in

female mice, the non-parametric Mann±Whitney U-test was

used. Correlation analyses were performed by use of Fisher's r

to z-test. Results are presented as mean t standard error of

mean (SEM). A P-value of <0.05 was considered statistically

signi®cant.

RESULTS

The role of oestrogen in the development of thymus and spleen

in male mice

To determine the role of oestrogen on body weight and the

development of thymus and spleen, 4-month-old male ERKO,
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BERKO, DERKO and WT littermates were studied. When the

mice were killed, body weight did not differ among any of the

four groups (data not shown). After killing, the weight and cell

count of spleens and thymus glands were determined. ER-a±

mice (ERKO and DERKO) displayed signi®cantly lower

thymic cellularity compared with ER-a+ (WT and BERKO)

mice (Fig. 1d). The spleen weights of ER-a± mice were

signi®cantly lower than those of ER-a+ mice (Fig. 1a). The

spleen cellularity was, however, not signi®cantly reduced in

ER-a± mice (Fig. 1c). These results clearly indicate that

oestrogen, through action on ER-a, is an important growth

factor for thymus and spleen of male mice and that ER-b
has no such role.

Histological examination of sections of thymus glands

revealed that, irrespective of ER genotype, all groups of mice

displayed similar cortex area fraction (data not shown).

Lymphocyte phenotypes in thymus were analysed by use of

¯ow cytometry. ER-a± mice had a signi®cantly lower frequency

of single CD4+ and CD8+ thymocytes and a higher frequency

of double CD4+ CD8+ thymocytes compared with ER-a+

mice (Table 1). In contrast, BERKO mice displayed CD4+ and

CD8+ frequencies similar to those of WT mice. These data

indicate a role of ER-a in the maturation process of T

lymphocytes in the thymus of male mice.

The frequency of B- and T-cell phenotypes in spleen did not

differ between any of the four groups of mice (data not shown).

Role of ER-b in E2-mediated thymic atrophy

Four-month-old oophorectomized female BERKO and WT

littermates were treated for 2 weeks with s.c. injections of E2

(0.1 mg/kg) for 5 days/week or with olive oil as a control. Both

(c)

S
pl

ee
n 

ce
llu

la
rit

y 
(1

06 )

160

0

140

120

100

80

60

40

20

NS

(d)

T
hy

m
us

 c
el

lu
la

rit
y 

(1
06 )

0

120

100

80

60

40

20

P<0·01

(b)

T
hy

m
us

 w
ei

gh
t (

m
g)

0

40

30

20

10

NSP<0·05

S
pl

ee
n 

w
ei

gh
t (

m
g)

0

80

60

40

20

100

(a)

WT

BERKO

ERKO

DERKO n=5

n=8

n=5

n=7
ER-a+

ER-a–

Figure 1. Mice lacking oestrogen receptor-a (ER-a) have smaller spleens and thymus glands than ER-a+ mice. Male 4-month-old

ER-a knockout (ERKO) mice, ER-b knockout (BERKO) mice and ab-double knockout (DERKO) mice were compared with

littermate wild-type (WT) mice with respect to splenic (a) and thymic (b) weight and spleen (c) and thymus (d) cellularity. The non-

parametric Mann±Whitney U-test was used to detect statistical signi®cance between WT mice and the different knock-out groups.

*P<0.05 versus WT mice. A two-way analysis of variance (ANOVA) was used to detect statistical differences with respect to the

expression of ER-a and ER-b. As all statistically signi®cant effects were found relative to the presence or absence of ER-a, two groups

were obtained by pooling ER-a+ mice (WT and BERKO) and ER-a± mice (ERKO and DERKO). The pools were then analysed by

using the Mann±Whitney U-test to obtain the P-values given in the ®gure. MeantSEM values are shown. NS, not signi®cant.
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BERKO and WT mice displayed a similar degree of thymic

atrophy after E2 treatment, with a massive reduction of

both thymic weight and cellularity (Fig. 2b, 2d). In histological

sections of thymus glands (representative pictures are shown

in Fig. 3) the cortex area fraction was calculated. Upon

exposure to E2, WT mice displayed a signi®cant reduction

of the cortex area fraction, while thymuses of BERKO mice

exposed to E2 showed no such signi®cant reduction (Table 2).

Table 1. Phenotypes of thymic T cells in wild-type (WT), oestrogen receptor (ER)-a knockout (ERKO), ER-b knockout (BERKO) and ab-double

knockout (DERKO) mice

CD4+

thymocytes

(%)

CD8+

thymocytes

(%)

CD4+/CD8+

thymocytes

(%)

ER-a+ (n=12) WT (n=7) 11.3t0.7 WT (n=7) 2.1t0.3 WT (n=7) 82.7t0.9

11.9t0.5 1.9t0.2 81.7t0.7

BERKO (n=5) 12.7t0.4 BERKO (n=5) 1.7t0.2 BERKO (n=5) 80.1t0.6

P<0.05* P<0.05* P<0.05*

ER-a± (n=11) ERKO (n=8) 9.9t0.8 ERKO (n=8) 1.5t0.3 ERKO (n=8) 84.1t1.5

9.8t0.7 1.5t0.2 84.2t1.1

DERKO (n=3) 9.3t1.2 DERKO (n=3) 1.4t0.3 DERKO (n=3) 84.4t1.7

Four-month-old male ERKO, BERKO, DERKO and WT mice were generated from breeding of ER-a+/±b+/± mice. Thymocytes were stained with a-CD4
phycoerythrin (PE) and a-CD8 ¯uorescein isothiocyanate (FITC) and analysed by ¯ow cytometry. The non-parametric Mann±Whitney U-test was used to
®nd statistical signi®cance between WT and the different knockout groups. (No statistical differences were found.) A two-way analysis of variance (ANOVA)
was used to ®nd statistical differences with respect to the expression of ER-a and ER-b. As all statistically signi®cant effects found were linked to the presence
or absence of ER-a, two groups were obtained by pooling ER-a+ mice (WT and BERKO) and ER-a± mice (ERKO and DERKO). The pools were than
analysed using the Mann±Whitney test to obtain the P-values (*) given in the table. Data is shown as mean t SEM.
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Figure 2. Oestrogen receptor-b knockout (BERKO) and wild-type (WT) mice react similarly to oestradiol (E2) treatment with respect

to splenic (a) and thymic (b) weight and spleen (c) and thymus (d) cellularity. Female 4-month-old BERKO and WT mice were treated

with 0.1 mg/kg of E2 for 5 days/week or with olive oil as a control. After 2 weeks of treatment, the mice were killed and body weight,

thymic and splenic weight, and cellularity were measured. Black bars represent vehicle controls and open bars represent E2-treated

mice. MeantSEM values are shown. The statistical method used was the non-parametric Mann±Whitney U-test. *P<0.05,

**P<0.01.
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Thymocytes were subjected to ¯ow cytometry for analysis

of T-cell phenotypes. WT mice exposed to E2 displayed

signi®cantly increased frequencies of single CD4+ and CD8+

thymocytes and a reduced frequency of double CD4+ CD8+

thymocytes. In BERKO mice, the phenotypic alteration of

T cells upon exposure to E2 was not seen (Table 3). FACS

plots from representative mice are depicted in Fig. 4. Together

these results demonstrate that ER-b is important for oestrogen-

mediated changes in thymus gland gross morphology and for

alteration of T-cell phenotypes, but is not required for

reduction of thymic weight and cellularity.

Role of ER-b in oestrogen-mediated effects on spleen

Female 4-month-old WT and BERKO mice were treated with

0.1 mg/kg of E2 for 2 weeks. In both groups of mice, E2

treatment slightly reduced spleen weight (Fig. 2a) and there

was a reduction of the spleen cellularity, statistically signi®cant

for BERKO mice (Fig. 2c).

Role of ER-b in E2-mediated effects on IGF-1 production

Serum levels of IGF-1 were measured in female oophorecto-

mized WT and BERKO mice treated with E2 for 2 weeks. In

Table 4 it is shown that upon exposure to E2, serum levels of

IGF-1 were signi®cantly decreased in WT, but not in BERKO,

mice.

In both WT and BERKO mice, and irrespective of E2

treatment, there was a signi®cant, negative correlation between

serum levels of IGF-1 and the frequency of single CD4+,

WT

BERKO

Control E2

500µm

Medulla

Cortex

Figure 3. Lack of oestradiol (E2)-induced reduction of cortex area fraction in female oestrogen receptor-b knockout (BERKO) mice.

Representative microphotographs are shown of haematoxylin and eosin-stained sections of thymi from female BERKO and wild-type

(WT) mice treated for 2 weeks with 0.1 mg/kg of E2 for 5 days/week and from control mice (treated with olive oil). The sections of

thymi shown from oil-treated control mice are approximately one-third of the total section area. Original data are shown in Table 2.

Table 2. Cortex area fraction in thymi of oestradiol (E2)-treated

oestrogen receptor (ER)-b knockout (BERKO) and wild-type (WT)

mice

Genotype Treatment n

Cortex area

fraction (%)

Wild type Controls 6 79.5t3.7*

E2 5 61.3t2.7

BERKO Controls 4 78.9t4.3

E2 4 69.4t6.4

Four-month-old female BERKO and WT mice were treated for 2 weeks
with 0.1 mg/kg of E2 for 5 days/week or with olive oil as a control. The
thymus cortex area fraction was calculated as: (cortex area)}(total area) of
thymus sections stained with haematoxylin and eosin (see Fig. 3). The
statistical method used was the non-parametric Mann±Whitney U-test.
Data is presented as meantSEM.

*P<0.05, control versus E2-treated WT mice.
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CD8+ thymocytes and a positive correlation with double

CD4+ CD8+ thymocytes, r=x0.524 (P<0.05), r=x0.481

(P<0.05) and r=0.460 (P<0.05), respectively.

DISCUSSION

A breakthrough in the understanding of the biological effects

of oestrogen was achieved when the second receptor, ER-b,

was discovered. By use of ER-a and -b gene-targeted mice we

are now able to elucidate some of the different roles of the two

receptors in the development of immune organs. We chose to

perform these experiments in male mice as it is known that

female ERKO mice display increased production of oestro-

gens,27 a trait not found in BERKO females (K. Korach, J. AÊ .

Gustafsson, personal communication). Therefore it would be

dif®cult to interpret data from intact female ER-a and -b gene-

targeted mice, as oestrogen levels vary. Our data clearly show

that ER-a is mandatory for achieving full-size thymus in male

mice, whereas ER-b has no such role (Fig. 1b, 1d). In a recently

published study24 it was demonstrated that male ERKO mice

have signi®cantly smaller thymi than their WT littermates and

that this effect was the result of a lack of ER-a in stromal

elements in thymus rather than in haemopoetic elements. In

addition, we showed that mice not expressing ER-a display

C
D

4
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CD8

Controls E2 treated

10·3 77·7 18·8 67·0

4·2 7·9

9·9 80·5 11·9 77·3

3·7 3·3

Figure 4. Upon exposure to oestradiol (E2), oestrogen receptor-b knockout (BERKO) mice do not display the typical T-lymphocyte

phenotypic alterations seen in wild-type (WT) mice. The plots show representative results from ¯ow cytometry of thymocytes from

female BERKO and WT mice treated for 2 weeks with 0.1 mg/kg of E2 for 5 days/week and olive oil control mice. (See Table 3.)

Table 3. Cellularity and phenotypes of thymic T cells in wild-type (WT) and oestrogen receptor (ER)-b knockout (BERKO) mice after treatment

with oestradiol (E2)

Genotype Treatment n

Cellularity

(106 cells)

CD4+

thymocytes

(%)

CD8+

thymocytes

(%)

CD4+ CD8+

thymocytes

(%)

WT Controls 6 159t6** 10.1t0.4** 3.1t0.4* 76.3t0.6*

E2 5 10t2 20.0t2.9 6.6t1.0 58.3t6.0

BERKO Controls 4 185t21* 10.2t0.3 3.6t0.3 75.4t1.2

E2 4 15t2 13.0t1.7 3.4t0.6 71.8t2.5

Four-month-old female BERKO and WT mice were treated for 2 weeks with 0.1 mg/kg of E2 for 5 days/week or with olive oil as a control. Thymocytes
were stained with a-CD4 phycoerythrin (PE) and a-CD8 ¯uorescein isothiocyanate (FITC) and analysed by ¯ow cytometry. Data shown represent
meantSEM values. The statistical method used was the non-parametric Mann±Whitney U-test. Representative plots are shown in Fig. 3.

*P<0.05, **P<0.01, controls versus E2-treated mice.
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a signi®cantly lower percentage of single CD4+ and CD8+

cells and higher frequency of double CD4+ CD8+ cells

compared with ER-a+ mice and that ER-b has no in¯uence

on the phenotypic expression of thymocytes (Table 1).

Thymic growth and T-cell differentiation are dependent

on the secretion of thymic hormones, particularly thymulin.

GH, via stimulation of IGF-1, is known to stimulate thymic

growth28,29 (reviewed in ref. 30), possibly via the known direct

stimulatory effect of IGF-1 on thymulin production.31 A direct

association between the GH/IGF-1 axis and the cellularity of

thymus has been demonstrated in several conditions, including

GH-de®cient dwarf mice28 and cyclosporin A-induced thymic

atrophy.32 Interestingly, we recently demonstrated that male

ER-a± mice have lower serum levels of IGF-1 compared with

ER-a+ littermates.33,34 Our novel ®nding that phenotypic

thymocyte changes occur in ER-a± mice (Table 1) could also be

explained by reduced IGF-1 production in these mice, as a

recent study demonstrated that blocking of IGF-1 in fetal

thymic organ cultures increased the frequency of double

CD4+ CD8+ cells.35 Thus, one attractive explanation for the

reduced thymic growth and cellularity, as well as a changed

phenotypic T-lymphocyte pattern of ER-a± mice, is that these

effects are mediated by lowered production of IGF-1.

The spleen weight in ER-a± mice was reduced but there was

no reduction in the number of mononuclear cells. We can only

speculate on the reason for this ®nding. It might be the result of

ER-a-dependent effects in male mice on spleen stromal

elements, number of erythrocytes or extracellular ¯uid content.

The activity of the GH/IGF-1 axis is known to be important

for splenic growth (reviewed in ref. 36), and it has been

demonstrated that serum levels of IGF-1 are positively cor-

related with the spleen weight in mice.37 As male ER-a± mice

are known to have lower IGF-1 levels in serum,33,34 we propose

that their smaller spleens are caused by suppressed activity in

the GH/IGF-1 axis. In order to test directly the hypothetical

importance of IGF-1 in oestrogen-mediated effects on male

immune organ development, replacement studies with IGF-1

in ERKO mice are currently underway in our laboratory.

Pregnancy and treatment of mice with higher doses of

oestrogen is well known to induce thymic atrophy. This

involution is characterized by atrophy of the thymic cortex

with relatively preserved medulla, massive loss of cellularity

and phenotypic alteration of T lymphocytes, i.e. increased

frequencies of single CD4+ and CD8+ cells and decreased

frequency of double CD4+ CD8+ cells. We chose to study

oestrogen-induced thymic atrophy in female mice because this

is a phenomenon that occurs during pregnancy. Endogenous

production of oestrogen was removed by oophorectomy in

order to obtain a clear experimental situation during sub-

sequent supplementation with known doses of oestrogen. We

showed that in E2-triggered thymic involution, expression of

ER-b is not required, whereas it is needed both for the extensive

atrophy of thymic cortex (Table 2 and Fig. 3) and for the

phenotypic alteration of thymic T lymphocytes (Table 3 and

Fig. 4) in mice exposed to oestrogen. The recent ®nding that

blocking of IGF-1 decreases the frequency of double CD4+

CD8+ cells in fetal thymic organ cultures,35 is in accordance

with our present results demonstrating reduction of this cell

population in parallel with lowered serum levels of IGF-1 in

E2-exposed female WT mice. The correlation between serum

levels of IGF-1 and the frequencies of single CD4+, CD8+

and double CD4+ CD8+ could indicate a direct role of

this hormone in the maturation process of T cells within the

thymus. The less extensive cortical atrophy and lack of

thymocyte phenotype shift in BERKO mice upon exposure

to E2 may re¯ect a lower sensitivity to oestrogen in thymic

cortical epithelial cells of mice lacking ER-b. In WT mice,

treatment with E2 reduces the number of cortical epithelial cells

and thus limits the capacity of positive selection of early T cells

in these mice, resulting in a relative accumulation of more

mature single CD4+ and CD8+ cells in the preserved thymic

medulla.

It was recently demonstrated that ERKO mice were

susceptible to E2-induced thymic atrophy, but the extent of

their atrophy was less than that seen in WT mice.24 In

accordance with our ®nding in E2-treated BERKO mice it was

shown that, compared with WT littermates, ERKO mice failed

to alter their CD4/CD8 phenotypes upon E2 exposure. In

addition, it was clearly demonstrated that ER-a expression

was needed in either haemopoetic or thymic stromal cells to

obtain an E2-mediated T-lymphocyte phenotype shift. Taken

together, these data demonstrate that both ER-a and ER-b are

required for oestrogen-induced phenotypic shifts of T lym-

phocytes in the thymus of female mice. At this point we can

only speculate whether the two receptors work together as

separate homodimers or if they form functional heterodimers

in the thymus gland or bone marrow stroma cells to mediate

this alteration.

In human and rat thymus, both ER-a and ER-b have

been detected at the mRNA and protein levels.14,38 ER-a is

expressed in thymus stromal cells,39 haemopoetic cells and

bone marrow40 of mice. ER-b expression has been detected

in murine bone marrow41,42 but no clear-cut data on ER-b
expression in thymus of mice are yet available. If ER-b is not

expressed in the murine thymus it is possible that the role of this

receptor in E2-mediated alteration of thymic T-lymphocyte

phenotypes is mediated through action at the prethymic

haemopoetic level.

In summary, the present report demonstrates that ER-a
is important for effects mediated by a low concentration of

oestrogen during thymus gland and spleen development

in male mice, whereas both ER-a and -b are required for

full thymus involution induced by higher concentrations of

oestrogen in female mice.

Table 4. Serum levels of insulin-like growth factor-1 (IGF-1) in

oestradiol (E2)-treated female oestrogen receptor (ER)-b knockout

(BERKO) and wild-type (WT) mice

Genotype Treatment n

IGF-1

(ng/ml)

WT Controls 6 365t23*

E2 5 307t22

BERKO Controls 4 350t9

E2 4 333t37

Four-month-old female BERKO and WT mice were treated for 2 weeks
with 0.1 mg/kg of E2 for 5 days/week or with olive oil as a control. Serum
levels of IGF-1 were measured by use of a radioimmunoassay. Data is
presented as meantSEM. The statistical method used was the non-
parametric Mann±Whitney U-test.

*P<0.05, controls versus E2-treated mice.

23Role of oestrogen receptors a and b in immune organ development

# 2001 Blackwell Science Ltd, Immunology, 103, 17±25



Further studies of ER-targeted mice are important for

elucidating the speci®c role and the interplay between these two

receptors in the regulatory role of oestrogen on immune

responsiveness. Such knowledge is of great importance for

appropriate use of future ER-speci®c ligands in postmenopau-

sal women and in females suffering from sex steroid-in¯uenced

immune-mediated diseases, such as rheumatoid arthritis and

systemic lupus erythematosus.
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