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Summary

Haematopoiesis is a self-renewing and multi-directional differentiation process of
haematopoietic stem cells (HSCs), which is modulated very precisely by the haemat-
opoietic microenvironment in bone marrow. Our previous study has demonstrated
that oestrogen-deficiency leads to haematopoiesis dysfunction which manifests as a
decrease in haematopoietic tissues and an increase in adipose tissues in bone mar-
row. However, the mechanism involved in the oestrogen-deficiency effects on hae-
matopoiesis dysfunction is not completely understood. In this study, we established
an oestrogen-deficiency rat model by ovariectomy (OVX group). Haematopoiesis
was evaluated at the 12th, 16th, 20th, 24th and 28th weeks after operation in the
OVX group and its control (Sham group) by pathological examination; the number
and function of HSCs were evaluated by flow cytometry analysis and colony-forming
assay respectively. Haematopoietic growth factors levels including granulocyte/mac-
rophage-colony-stimulating factor (GM-CSF), stem cell factor (SCF) and interleukin-
3 (IL-3) were examined by ELISA kits at different time points. We found that in the
OVX group, haematopoiesis dysfunction in bone marrow was observed (P < 0.05)
from the 12th week when compared with the Sham group, and extramedullary hae-
matopoiesis began to appear in the liver and spleen from the 16th week. The number
of HSCs and colony-forming units-granulocyte/macrophage (CFUs-GM) in bone
marrow was reduced significantly (P < 0.05) from the 20th and 16th week respec-
tively. Furthermore, GM-CSF, SCF and IL-3 in the OVX group decreased signifi-
cantly (P < 0.05) since the 12th, 16th and 24th week respectively. Taken together,
these results suggested that oestrogen is required for normal haematopoiesis. Oestro-
gen-deficiency inducing haematopoiesis dysfunction may be via reduction in HSCs
and haematopoietic growth factors at a late stage.
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Haematopoiesis is a biological process that is regulated pre-
cisely by the haematopoietic microenvironment, including
mesenchymal cells, extracellular matrix components, hae-
matopoietic growth factors (HGFs) and adhesion molecules
that are secreted by mesenchymal cells (Dexter et al.
1997). At the foetal stage of vertebrate ontogeny, haemato-
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poiesis takes place sequentially from the embryonic yolk
sac, foetal liver to bone marrow, which finally becomes the
primary haematopoietic site throughout the whole life
(Ogawa et al. 1988). When haematopoiesis in bone mar-
row is disrupted by a variety of stimuli then extramedul-
lary haematopoiesis (EMH) supervenes to meet the body’s
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demands. It is well known that common sites of EMH are
liver, spleen and spine (Tefferi 2000).

Haematopoietic stem cells (HSCs) are a population of plu-
ripotent cells, which are capable of continuously producing
mature blood cells of all lineages which enter the peripheral
blood. In addition they give rise to daughter progeny for
self-renewal throughout life (Lemischka er al. 1986). Hae-
matopoietic growth factors, a group of haematopoietic regu-
latory proteins, which are produced by mesenchymal cells,
together with HSCs constitute the HSC niches in bone mar-
row (Heinrich et al. 1993). HSC make the process of self-
replication and are regulated in a complicated fashion by
HGFs and other cytokines in the HSC niches and then
release the daughter cells outside for further proliferation
and differentiation (Zhang et al. 2003). Granulocyte/macro-
phage-colony-stimulating factor (GM-CSF), stem cell factor
(SCF), interleukin-3 (IL-3), erythropoietin (Epo) and throm-
bopoietin (TPO) all belong to HGFs. These factors exert the
biological effects on binding to their corresponding recep-
tors, most of which promote the proliferation and differenti-
ation of HSCs (Leary et al. 1992). Besides, synergistic
actions among these HGFs often occur to further enhance
haematopoietic function (Nocka et al. 1990; McNiece et al.
1991).

More and more evidence has shown that oestrogen plays
an important role in haemocytogenesis. Early in 1966,
Edward & Reisner reported that oestrogen in vitro pro-
motes on granulopoiesis. In addition, in mice and in post-
menopausal women, high dose of oestrogen and hormone-
replacement therapies improve the proliferation and differ-
entiation of megakaryocytes (Bord et al. 2000; Perry et al.
2000). In our previous studies, oestrogen-deficiency led to
significant changes in bone marrow pathology: the volume
of haematopoietic tissue decreased and the volume of adi-
pose tissue increased from the 8th week. Furthermore, the
number of megakaryocytes decreased. Thus, haematopoietic
dysfunction oestrogen-deficiency.
However, the profound effect of oestrogen-deficiency on
haematopoiesis and the underlying mechanism have not
been fully elucidated. In this study, we use the ovariecto-
mized rat as a model to explore the relationship between
oestrogen-deficiency and haematopoiesis and its mechanism
further.

correlate  well with

Materials and methods

Animals and experimental design

Fifty 3-month-old female Sprague-Dawley rats weighing
241-262 g were purchased from Shanghai Experimental
Animal Center of Chinese Academy of Sciences (Shanghai,
China). These rats were randomly assigned into ovariecto-
mized (OVX) and sham-operated (Sham) groups (7 = 25 per
group). Before surgeries, the rats in both groups were anes-
thetized by intraperitoneal injection of 10% chloral hydrate.
Both ovaries were removed in the rats of OVX group but
not in the Sham group. Then both groups were fed at

Zhejiang Chinese Medical University Laboratory Animal
Research Center, with a 12h:12 h light/dark cycle and no-
limit access to food and water. At the 12th, 16th, 20th,
24th and 28th weeks after surgeries, five rats randomly
selected from each group were killed by cervical dislocation
and their peripheral blood samples, bone marrow aspirates,
livers, spleens, femurs and tibias were collected for further
analysis.

All procedures were approved by the Institutional Animal
Care and Use Committee of Zhejiang Chinese Medical Uni-
versity and conformed to the National Institutes of Health
Guide for the Care and Use of Laboratory Animal.

Oestrogen assay

Peripheral blood samples were collected from the postglobal
veins, allowed to clot at room temperature and centrifuged
at 800 g for 5 min. The upper layer of serum was removed
and used to measure oestrogen levels. Each sample was
tested in triplicate. A Rat Estradiol Radioimmunoassay kit
(KeyGEN Biotech, Nanjing, China) was used following the
manufacturer’s protocols.

Pathological examination

The samples derived from metaphysic cancellous bone of
femurs were fixed in 10% formalin and decalcified in 10%
buffered EDTA (pH 7.0) for 2 weeks. The dehydrated and
decalcified tissues were embedded in paraffin. Four micro-
metre slices were cut and stained with haematoxylin-eosin
(H-E) for bone marrow morphological analysis. The hae-
matopoietic tissue and adipose tissue were counted as
described by Zhu et al. (2009) and the percentage of each
component was calculated as described previously (Revell
1983). For megakaryocytes all cells were counted and then
the and number per square millimetre was calculated (Pu
& Yang 2002). Liver and spleen samples were also fixed,
dehydrated and prepared for paraffin section with H-E
staining as described above.

Blood testing

Anti-coagulated peripheral blood samples were collected and
the percentages and absolute values of leucocytes, erythro-
cytes and platelets were identified using a CELL-DYN1600
automated hematology analyzer (Abbott Laboratories, Abbott
Park, IL, USA). The procedures were performed according to
the manufacturers’ instructions.

Cell suspension preparation

Femurs and tibias were separated without accessory tissues.
A syringe needle was inserted into the bone marrow cavity
several times to flush all cells out using a 5-ml syringe
filled with Iscove’s modified Dulbecco’s medium (IMDM)
(GIBCO, Grand Island, NY, USA) supplemented with 10%
foetal bovine serum (Siji Qing Biotech, Hangzhou, China).
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The single-cell suspension from bone marrow was har-
vested by density gradient centrifugation at 2383 g for
20 min.

The liver samples prepared for single-cell suspension
were firstly sheared into 1cm® pieces, then digested in
0.25% trypsin/0.02% EDTA (GENOM Biotech, Hang-
zhou, China) and passed through a cell filter to remove
clumps and undigested tissues. The mixtures were centri-
fuged at 200 g for 10 min and the supernatants were
removed. Cell pellets were resuspended for use. More than
95% viability was achieved as assessed by trypan blue
staining.

Flow cytometry analysis

The samples from bone marrow and liver were harvested.
Labelling of cells was by standard staining procedures
according to the manufacturer’s protocols with lineage-spe-
cific monoclonal antibodies: FITC Mouse Anti-Rat
CD90(Thy-1) (BD Pharmingen, San Jose, CA, USA) and PE
Mouse Anti-Rat CD45RC (BD Pharmingen), which were
used at optimized concentration and titration. Staining pro-
cedures were performed on ice to prevent signal quenching.
Flow cytometry analysis was performed on a FACS Canto™
II Flow Cytometer (BD Biosciences).

Colony-forming unit counting

Single-cell suspensions from bone marrow were prepared
for use. The methylcellulose medium with recombinant
cytokines for colony assays of rat cells (Methocult GF
R3774; Stem Cell Technologies, Vancouver, BC, Canada)
was applied to support optimal growth of rat colony-form-
ing unit-granulocyte/macrophage (CFU-GM) progenitors.
According to the manufacturers’ instructions, 1.5 x 10*
cells were seeded in each 35-mm dish and the amount of
colonies were counted. Each assay was performed in tripli-
cate.

Haematopoietic growth factor (HGF) assays

Haematopoietic growth factors including GM-CSF, SCF, IL-3,
Epo and TPO were detected by the enzyme-linked immunosor-
bent assay (ELISA) kits in the sera obtained from peripheral
blood. All procedures were carried out according to the manu-
facturers’ instructions. The ELISA kits of HGFs were pur-
chased from KeyGEN Biotech, China.

Statistical analysis

All data were analysed using SPSS version 16.0 for Win-
dows (SPSS Inc., Chicago, IL, USA). All values are pre-
sented as mean = standard deviation (SD)
Intergroup comparisons of continuous data were performed
by independent-samples #-tests. All analyses were two-
tailed, and differences were interpreted as statistically sig-
nificant when P < 0.05.

values.
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Results

Successful establishment of an oestrogen-deficiency rat
model by ovariectomy

In this study, an oestrogen-deficiency rat model was estab-
lished by means of bilateral ovariectomy. To prove the success
of ovariectomy and ensure the meaningfulness of the follow-
up experiments, the concentration of oestrogen in each group
was detected and compared at different time points. The levels
of oestrogen in Sham group and OVX group at different time
points after operations were shown in Figure 1. We found that
the oestrogen level in the OVX group were decreased signifi-
cantly in comparison with the Sham group at 12 weeks after
ovariectomy (P < 0.05). At the 12th week, the oestrogen lev-
els in OVX and Sham groups were 168.3 = 13.4 pmol/l and
402.6 = 20.5 pmol/I respectively.

Decrease in oestrogen inducing haematopoietic
dysfunction

Bone marrow haematopoiesis. We counted and calculated
the proportion of haematopoietic tissue and adipose tissue
in bone marrow to evaluate the functional haematopoiesis.
As shown in Table 1 in OVX group, a decrease in haemato-
poietic tissue and megakaryocytes and an increase in adipose
tissue were observed in the 12th week compared with the
Sham group (P < 0.05). However, at the 24th and 28th
weeks after operations, the volumes of haematopoietic tissue
and adipose tissue and the number of megakaryocytes varied
so much that the differences between OVX and Sham
groups were narrowed (P > 0.05) (Figure 2).

== Sham group — OVX group

500.00+

400.00+

300.00+

200.00+

Mean concentration of E2 (pmol/l)

100.00+

(.) 12.w 16.w Zdw 2;1w 28.w
Times after operation (weeks)

Figure 1 The levels of oestrogen in Sham and ovariectomy
(OVX groups) at the 12th, 16th, 20th, 24th and 28th weeks
after operation. The oestrogen level was detected via radioim-
munoassay, and the data represented as mean («+SD) of five rats
in each group. The oestrogen level in the OVX group was
decreased significantly (P < 0.05) in comparison with the Sham
group since 12 weeks after OVX.
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Table 1 The changes in volumes of haematopoietic tissue and adipose tissue in bone marrow in Sham and ovariectomy (OVX
groups)

Time after  Volume of haematopoietic tissue (%) Volume of adipose tissue (%) Number of megakaryocytes (per mm?)
operation

(weeks) Sham (0)%. ¢ P Sham (0)%.¢ P Sham OvVX P

12 58.50 = 1.29 47.60 = 2.52 0.000 22.70 = 1.50 33.60 = 2.89 0.000 40.70 = 3.58 32.80 = 2.47 0.002
16 54.30 = 1.41 3420 = 1.71 0.000 25.20 = 1.71 50.50 = 1.00 0.000 35.60 = 4.52 24.20 = 3.32 0.013
20 50.00 = 3.89 2570 =7.09  0.018 24.50 £2.11  66.20 £ 3.20  0.003  30.70 =2.56  15.80 =3.21  0.005
24 28.70 = 4.21 23.50 = 8.56 0.89 60.80 = 9.32 67.40 = 7.47 0.67 12.50 = 5.45 10.70 = 4.34 0.643
28 24.70 = 6.88 22.60 = 4.53 0.991 65.20 £ 9.91 70.40 = 7.90 0.38 10.20 = 4.20 8.30 = 5.75 0.524

P < 0.05 is interpreted as statistical difference between the Sham and OVX groups.

r(a)

Extramedullary haematopoiesis in liver and spleen. The tis-
sue sections of liver and spleen derived from the OVX and
Sham groups at the 12th, 16th, 20th, 24th and 28th weeks
after operations were chosen to assess EMH secondary to
impaired bone marrow function. Our results showed that
foci of EMH could be found in the liver and spleen from the
16th week in the OVX group. The density of foci increased
in the 20th week. At the 24th and 28th weeks in the OVX
groups, the number of foci of EMH did not increase and
was maintained at the same level as at 20th week (data not
shown). On the other hand, in Sham group, either single or
no EMH foci were found (Figure 3).

Peripheral blood. The effect of oestrogen-deficiency on the
peripheral blood cell counts is shown in Table 2. From the
20th week in the OVX group, white blood cells (WBCs),
haemoglobin (Hb) and platelets (PLTs) decreased to varying
degrees. A significant decline in Hb or PLTs in the OVX
group was found from the 24th week (P < 0.05), and WBCs

Figure 2 The changes in haematopoietic
tissue and adipose tissue in Sham and
ovariectomy (OVX groups) (H-E staining,
10 x 10). (a) and (c) correspond to the
bone marrow sections of Sham groups at
the 12th and 16th weeks; (b) and (d) corre-
spond to the bone marrow sections of
OVX groups at the 12th and 16th weeks.
Compared with the Sham group, decrease
in haematopoietic tissues and increase in
adipose tissues were significantly different
in the OVX group at the 12th and 16th

weeks.

declined at the 28th week in the OVX group compared with
those in the Sham group (P < 0.05).

Reduction in haematopoietic stem/progenitor cells
caused by decrease in oestrogen

Flow cytometry. We explored whether the number of hae-
matopoietic stem/progenitor cells was affected by OVX. We
measured the percentage of HSCs based on immunopheno-
types from bone marrow and liver and analysed compara-
tively the difference between the OVX and Sham groups at
different time points by flow cytometry. The population
positive for CD90™ but negative for CD45RC was identified
as HSCs (Castagnola et al. 1982; McCarthy et al. 1987).
The number of these CD90+ CD45RC-HSCs in bone mar-
row decreased slightly at the 12th and 16th weeks in the
OVX groups (P > 0.05) and more clearly from the 20th
week in the OVX group (P < 0.05). In contrast, the HSCs in
liver increased significantly from the 20th week in the OVX

International Journal of Experimental Pathology 2012, 93, 179-187
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Figure 3 Extramedullary haematopoiesis (EMH) can be observed in liver in the ovariectomy (OVX group) (H-E staining). (a) repre-
sentatives section from the liver of a 16th week Sham group rat shows normal hepatic tissues (10 x 40); (b) representative section of
liver of a 16th week OVX group rat and shows a single focus of EMH, accompanied with the cellular swelling and fatty degenera-
tion of hepatocytes (10 x 40). The insert shows the microstructure of the focus of EMH, which is composed of proerythroblasts, my-
eloblasts and megakaryoblasts (10 x 100); (c) representative section of the foci of EMH in the liver of the 20th week OVX group
showing the increased density of foci of EMH compared with Sham group (10 x 10); (d) representative section of a focus of EMH in
the liver of a 20th week Sham group (10 x 10); (e) representative section of the foci of EMH in the spleen from a 20th week OVX
group showing the increased density of a foci of EMH compared with the Sham group (10 x 10); (f) representative focus of EMH in
the spleen from a 20th week Sham group (10 x 10).

Table 2 The changes in peripheral blood counts in Sham and ovariectomy (OVX groups)

Times after

White blood cell (x10%/pl)

Haemoglobin (g/dl)

Platelets (x103/pl)

operation

(weeks) Sham ovx P Sham OovX P Sham OvX P

12 6.86+1.15 6.50=+0.64 0.558 15.76+0.18 15.68 =0.90 0.855 1131.00 = 59.45 1120.60 = 84.08 0.827
16 6.32+058 6.52+087 0.681 1534=+0.53 15.84=0.59 0.199 1140.20 = 69.97 1171.40 = 96.69  0.681
20 598+0.83 4.84=1.88 0.251 15.96=0.65 14.94=0.80 0.059 1125.00 =112.81 984.40 = 143.10  0.123
24 6.12+038 478131 0.083 16.06=0.70 13.68=1.73 0.021 1118.80 = 161.84 869.80 = 74.15 0.022
28 630027 446=+134 0.036 1594=0.70 11.36=1.82 0.003 1058.20 =139.42 691.8 =229.13 0.016

P < 0.05 is interpreted as statistical difference between the Sham and OVX groups.

group (P < 0.05), compared with the corresponding Sham
group. The number of haematopoietic stem cells (HSCs) in
bone marrow and liver, comparing the between Sham group

International Journal of Experimental Pathology 2012, 93, 179-187

and the OVX group at 16th and 20th weeks after operation
is shown in Figure 4. In the OVX group, the number of
HSCs in bone marrow decreased from 2.6% in the 16th



184  X. Qiu et al.

week to 0.6% in the 20th week, while the number of HSCs
increased in liver from 9.6% in the 16th week to 24.4% in
the 20th week.

Colony-forming assay. In order to characterize the differen-
tiation potential of bone marrow cells into granulocyte and
macrophage components, a cluster of HSCs/HPCs was
grown in the methylcellulose-based medium with a cocktail
of cytokines. We found that the change in colony formation
capacity was consistent with the presence of HSCs in bone
marrow (Figure 5). When compared with the Sham group,
the number of colonies in the OVX group decreased signifi-
cantly from the 16th week (P < 0.05) and continued to

decrease until the 28th week. The number of colonies was
383.0 £ 21.97/1.5 x 10* cells at the 16th week
264.0 = 55.39/1.5 x 10* cells at the 28th week.

and

Haematopoietic growth factors (HGFs) are involved in
the development of haematopoiesis dysfunction caused
by decrease in oestrogen

It is well known that HSCs and haematopoietic microenvi-
ronment act cooperatively in regulating haematopoiesis. In
this paper, we want to know whether haematopoiesis dys-
function after ovariectomy is affected by HGFs. ELISA was
used to detect the serum level of HGFs at the 12th, 16th,
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Figure 4 The comparison of the number of haematopoietic stem cells (HSC) in bone marrow and liver between Sham and ovariect-
omy (OVX groups) at 16th and 20th weeks after operations. The single-cell suspensions derived from bone marrow and liver were
stained with two monoclonal antibodies (FITC Anti-Rat CD90 and PE Anti-Rat CD45RC) and analysed by FCM. In the 16th week
OVX group, the number of HSCs in bone marrow and liver were not significantly different (P > 0.05) when compared with the 16th
week Sham group. (b) In the 20th week OVX group, there was a significant decrease in HSCs in bone marrow compared to the 20th
week Sham group (P < 0.05), and the significant increase in the number of liver HSCs in the 20th week OVX group (P < 0.05).
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Figure 5 The changes in colony-forming units-granulocyte/
macrophage (CFUs-GM) between Sham and ovariectomy (OVX
groups) at the 12th, 16th, 20th, 24th and 28th weeks after
operations. The black column corresponds to the number of
CFUs-GM in Sham groups at the 12th, 16th, 20th, 24th and
28th weeks after surgeries, and the white column corresponds
to the number of CFUs-GM in OVX groups at the same time
points. The difference between OVX and Sham group at the
12th week were not significantly different. From the 16th week,
the number of CFUs-GM decreased significantly in the OVX
group compared to the corresponding Sham group. In the 24th
and 28th weeks, the differences became more obvious than
before.*P < 0.05, **P < 0.01.

20th, 24th and 28th weeks after surgery. The results are
shown in Figure 6. We found that in the Sham group, the
expression of GM-CSF, SCF and IL-3 showed no significant
fluctuations at different time points (P > 0.05). In contrast,
the levels of GM-CSF and SCF decreased gradually from the
12th to 28th week in the OVX group, and the differences
between OVX and Sham groups were significant (P < 0.05)
in GM-CSF from the 12th week and in SCF from the 16th
week. The reduction in IL-3 concentration in the OVX
group occurred later than that in GM-CSF and SCF, and the
significant decrease (P < 0.05) was from the 24th week in
the OVX group compared with the corresponding Sham
group. The levels of both Epo and TPO increased signifi-
cantly (P < 0.05) in the OVX group compared with the
Sham group from the 24th week. At the 28th week espe-
cially, Epo and TPO increased to approximately twofold
levels compared to the Sham group.

Discussion

Previously, we have investigated bone mineral density
(BMD) and haematopoiesis in a rat model of OVX at the
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Figure 6 The changes in GM-CSF, SCF, IL-3, Epo and TPO
between Sham and ovariectomy (OVX groups) at the 12th,
16th, 20th, 24th and 28th weeks after operation. The levels of
haematopoietic growth factors (HGFs) were determined by
ELISA, and the data represented as mean (+SD) of five rats in
each group. The black column corresponds to the levels of
HGFs in Sham groups at the 12th, 16th, 20th, 24th and 28th
weeks after surgeries, and the white column corresponds to the
levels of HGFs in OVX groups at the same time points. The
differences between OVX and Sham groups was significant with
respect to GM-CSF from the 12th week but was only evident at
the 24th and 28th weeks for SCF. The reduction in IL-3 concen-
tration in the OVX group occurred later than that in GM-CSF
and SCF: the significant decrease was seen from the 24th week
in the OVX group when compared with the 24th week in the
Sham group. In contrast, the levels of Epo and TPO increased
significantly compared with the Sham group from the 24th week
in the OVX group. *P < 0.05, **P < 0.01.

4th, 8th and 12th weeks after operations. We have revealed
that oestrogen-deficiency had a notable impact on bone
structure and induced haematopoiesis dysfunction from the
8th week (Zhu et al. 2009). This study is a follow-up begin-
ning from the 12th week. We focused on the investigation
of the effect of oestrogen-deficiency on haematopoiesis, espe-
cially on HSCs, and on the underlying mechanism.

After successful establishment of an oestrogen-deprived
haematopoietic  tissues/

rat model, a decrease in

megakaryocytes and an increase in adipose tissues in bone
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marrow were observed from the 12th week in the group.
This was followed by EMH in liver and spleen from the
16th week and a decrease in peripheral blood cells from the
24th week. Thus there is no doubt that oestrogen-deficiency
can induce haematopoiesis dysfunction, in accordance with
our previous study (Zhu et al. 2009). This observation has
common side effects (anaemia, thrombocytopenia as is seen
when anti-oestrogens (such as tamoxifen and aromatase
inhibitors) are used in the adjuvant treatment of breast can-
cer (US Food and Drug Administration 2004). Similarly,
anaemia as a side effect of anti-androgen therapy (Strum
et al. 1997) has been observed for many years and now
androgen is usually used by patients with aplastic anaemia.

Surprisingly, at the 24th and 28th weeks, we found that
differences in haematopoiesis dysfunction between the OVX
and Sham groups became smaller. The phenomenon may be
interpreted to mean that haematopoiesis function deterio-
rates with ageing in the Sham group, so that when female
Sprague-Dawley rats are 10 months of age or older, haemat-
opoietic function weakens so much that the differences from
the decrease induced by oestrogen-deficiency are narrowed.
This is in accordance with the previous study reported by
Chen et al. (2003). The haematopoiesis dysfunction in the
OVX group caused by oestrogen-deficiency was closely asso-
ciated with decrease in osteoblasts in this study (data not
shown), which led to long term osteoporosis (Zhu et al.
2009). Another interpretation could be that there is
increased compensation in then OVX group in response to
the haematopoiesis dysfunction with increase in some hae-
matopoietic growth factors (such as Epo and TPO) and
EMH in liver and spleen. Georgiou et al. (2010, 2012) sug-
gested that the CXCL12/CXCR4 signalling pathway plays a
key role in the compensatory process. However, the
exact mechanism was not well defined and required further
exploration.

It is well known that HSCs have two main functions: self-
renewal and multilineage differentiation. In this study, we
found a decrease in the number of HSCs in bone marrow
and an increase in EMH which was significant from the
20th week in the OVX group as judged by flow cytometry.
Phenotypic analysis, which is a key tool to ascertain the
biology of stem cells, has been studied for many years, but
there remains no consensus about the optimum method of
isolation of HSCs from rats Thy-1.1(CD90) is reported to
express on rat HSCs (Pu & Yang 2002) and has been used
to purify the population. However, CD90 is also expressed
on early myeloid, erythroid cells and immature lymphocytes,
and other specific combined surface markers are still
required in the analysis and purification of the HSCs, such
as CD45 and CD3 (McCarthy et al. 1987; Zhan et al.
2006). In this study, we defined the group expressing
CD90*CD45RC™ as HSCs. It is considered that the reduc-
tion in HSCs was caused by either increased multilineage
differentiation potential or time extension of self-renewal
(Naveiras et al. 2009). Given the decrease in differentiation
potential of HSCs from the 16th week in the OVX group by
colony-forming assay, presumably the reduction in HSCs is

related to slower cell cycle time. In addition, both the
G-protein-coupled oestrogen receptor 1 (GPER) (Di et al.
2010) and the classical ERa (Ray et al. 2008) were found
recently on the surface of HSCs. Thus we assumed that oes-
trogen-deficiency may affect the biological functions of
HSCs directly through interacting with ER on HSCs,
resulting in a decrease in HSCs and finally inducing
haematopoiesis.

We also examined whether the levels of HGFs were chan-
ged after OVX. It has been reported that development of
HSCs is maintained and regulated in cooperation with mes-
enchymal cells and various kinds of cytokines secreted from
mesenchymal cells in bone marrow. Osteoblasts are one of
the most important mesenchymal cells, associated intimately
with haematopoiesis (Visnjic et al. 2004). Some cytokines
from osteoblasts, such as interleukin-6 (IL-6), granulocyte-
colony-stimulating  factor (G-CSF), macrophage-colony
stimulating  factor (M-CSF), granulocyte/macrophage-
colony-stimulating factor (GM-CSF) (Taichman & Emerson
1998; Taichman 2005) and matrix factors, could act cooper-
atively in regulating with HSCs. In this study, we found that
GM-CSF secreted from osteoblasts decreased significantly
from the 12th week in the OVX group, in accordance with
the changes in osteoblasts in our study (data not shown). In
addition, SCF and IL-3 in the OVX group were decreased
significantly at the later time point. The reason for the
reduction in selected HGFs at different time points is still
obscure and needs to be explored further. Surprisingly we
also found that the reduction in HSCs and HGFs appeared
at the same time point or later than haematopoiesis dysfunc-
tion did from the 8th week (as found in our previous study,
Zhu et al. 2009). It seemed that the decrease in HSCs and
HGFs (including GM-CSF, SCF and IL-3) did not play the
vital role at the early stage of haematopoiesis dysfunction.
As time went by, multiple HGFs, synergistically in coopera-
tion with  HSCs, progression  of
haematopoiesis failure, which is in accordance with previous
studies (Nocka et al. 1990; McNiece et al. 1991).

We ackoweldge that there were several limitations to this
study. Firstly, a third group of OVX rats with supplemen-
tary oestrogen was not incorporated into the initial design
of the study. However, the OVX rat model is the most phy-
siological oestrogen-deprived model and oestrogen-deficiency
is the direct effect of OVX. Therefore it is reasonable to
infer that all the following changes of HSCs and HGFs after
OVX were caused by oestrogen-deficiency. Even so, it will
be more meaningful if the group of OVX rats with supple-
mentary oestrogen is included in further explorations. Sec-
ondly, we did not measure the level of GM-CSF at the time
points before the 12th week. Thus whether GM-CSF
decreased at an earlier time before haematopoiesis dysfunc-
tion occured, such as from the 8th week, was not clear. As a
result we could not document fully the nature of the
haematopoiesis dysfunction at the early stage and again
further investigations are still required.

In conclusion, this study showed that when the oestro-
genic level reduced after OVX, normal haematopoiesis in

accelerated  the
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bone marrow decreased and EMH in liver occurred. Oestro-
gen-deficiency inducing haematopoiesis dysfunction may be
mediated via decrease in HSCs and HGFs including changes
in GM-CSF, SCF and IL-3 at the late stage. However, the
mechanism for the precise role of ER on haematopoiesis dys-
function at the early stage requires further investigation.
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