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Pregnancy and lactation modulate maternal splenic growth
and development of the erythroid lineage in the rat and mouse
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Abstract. Maternal physiology changes dramatically during the course of gestation and lactation to meet the needs of
the developing fetus and newborn. In the present study, we examined the influence of pregnancy and lactation on growth
and erythroid gene expression patterns of the maternal spleen. Holtzman Sprague-Dawley rats and CD-1 mice were killed
at various stages of gestation and post partum. We observed pregnancy dependent increases in spleen weight and spleen
DNA content in both the rat and mouse. In the rat, spleen size was greatest at the end of pregnancy and regressed post
partum. In contrast, mouse spleen size peaked by gestational Day 13 and regressed to its non-pregnant weight before
parturition. Pregnancy dependent changes in the size of the spleen were primarily due to an increase in red pulp. Maternal
spleen expression of erythroid-associated genes (erythroid Krüppel-like factor, erythroid 5-aminolevulinate synthase-2,
β-major globin) was influenced by pregnancy and lactation. A pregnancy dependent increase in erythroid progenitors was
also observed. In summary, the demands of pregnancy and lactation cause marked adaptations in the maternal spleen. The
maternal spleen increases in size and exhibits an expansion of the erythroid lineage.
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Introduction

Maternal adaptations to pregnancy are essential to reproductive
success in mammals, but are poorly understood physiological
processes. In the rat, maternal physiology undergoes marked
changes during the course of pregnancy (de Rijk et al. 2002).
These gestational-dependent adjustments permit the develop-
ment of embryos/fetuses within the reproductive tract and are
readily demonstrated by examining the haematology and blood
biochemistry of the pregnant animal (de Rijk et al. 2002).

The spleen is an organ with multiple responsibilities, includ-
ing those impacting immunological responses and red blood cell
homeostasis, and, under some circumstances, it provides a micro-
environment supporting erythropoiesis (Obinata andYanai 1999;
Lenox et al. 2005; Mebius and Kraal 2005). The latter task is
especially critical during acute erythropoietic stress (Lenox et al.
2005). Pregnancy is associated with increased demands for oxy-
gen delivery, which are met by alterations in maternal red blood
cell homeostasis. During pregnancy in the mouse, the maternal
spleen undergoes marked changes in its structure (Fowler and
Nash 1968; Maroni and de Sousa 1973; Mattsson et al. 1979;

Sasaki et al. 1981). The size of the maternal spleen peaks at
midgestation, accompanied by an expansion in splenic red pulp.
Thus, the maternal spleen appears to adapt to the demands of
pregnancy.

In the present study, we investigated pregnancy dependent
adaptations in the maternal spleen of the rat and mouse. Preg-
nancy associated regulation of splenic gene expression and the
development of the erythroid lineage are identified.

Materials and methods
Animals and tissue preparation
Holtzman Sprague-Dawley rats were obtained from Harlan
Sprague Dawley (Indianapolis, IN, USA). CD-1 mice were
purchased from Charles River Laboratories (Wilmington, MA,
USA). Males and females were placed together for mating. The
detection of sperm in the vaginal smear of the rat was consid-
ered to be gestation Day 0, whereas in mice the presence of a
copulatory plug in the vagina was designated as gestation Day 1.
Animals were provided food and water ad libitum. Animals were
placed on a 14 h : 10 h light : dark cycle.Temperature and relative
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humidity were maintained at 20–24◦C and 40–60%, respectively.
Rat maternal spleen and kidney tissues were dissected from non-
pregnant and pregnant (gestation Days 4, 8, 11, 13, 15, 18, 20,
and 21) rats, as well as on post partum Day 10 from rats without
pups (non-lactating) or with pups (lactating). Mouse maternal
spleen tissues were dissected from non-pregnant and pregnant
(gestation days 4, 8, 10, 11, 13, 15, and 18) mice, as well as
on Day 10 post partum from mice without pups (non-lactating)
or with pups (lactating). All tissues collected were weighed and
then either snap-frozen in liquid nitrogen for biochemical analy-
ses or frozen in dry ice-cooled heptane for histological analysis
and stored at −80◦C. Litter sizes for rat and mouse pregnancies
ranged from 8 to 14 pups. The University of Kansas Medical
Center Animal Care and Use Committee approved the animal
care and experimental protocols.

DNA content
Splenic tissues were completely digested overnight at 55◦C
in a buffer containing 100 mm NaCl, 50 mm TRIS-HCl (pH
8.0), 25 mm EDTA, 0.5% sodium dodecyl sulfate (SDS) and
400 µg mL−1 proteinase K. Digested samples were mixed with
PicoGreen dsDNA quantitation reagent (Molecular Probes,
Eugene, OR, USA). Samples were excited at 485 nm and the
fluorescence emission intensity was measured at 538 nm using
a spectrofluorometer (Finstruments Fluorokan II; MTX Lab-
oratory System, Vienna, VA, USA). The DNA concentrations
were determined using a standard curve of fluorescence emission
intensity plotted against DNA concentration.

Histological analysis
Splenic architecture was evaluated by staining 10-µm cryostat-
prepared tissue sections with methyl green–pyronin solution
(Mattsson et al. 1979; Sigma Chemical, St Louis, MO, USA).
Sections were stained for 1 h and rinsed thoroughly in water.
Stained tissue sections were dehydrated using acetone, 1 : 1
acetone/xylene and xylene and then mounted.

Northern blot analysis
Assessment of mRNA expression was conducted as described
previously (Faria et al. 1990). RNA was extracted from tis-
sues using TRIzol (Chomczynski and Sacchi 1987). Total RNA
(20 µg) was loaded on 1% formaldehyde–agarose gels and
transferred to nylon membranes. Northern blot analyses for
rat spleen tissues were evaluated using erythroid Krüppel-like
factor (EKLF ; GenBank Accession no. AA926284), β-major
globin (GenBank Accession no. X15009) and erythroid 5-
aminolevulinate synthase-2 (ALAS-2; GenBank Accession no.
NM_013197) cDNA probes. A glyceralderhyde-3-phosphate
dehydrogenase (G3PDH; Accession no. NM_017008) cDNA
probe was used to monitor loading, RNA integrity and to nor-
malise the EKLF, β-major globin and ALAS-2 northern blots.
Northern blot analyses for mouse spleen tissues were evalu-
ated using EKLF (GenBank Accession no. AI323045), β-major
globin (GenBank Accession no. J00413) and ALAS-2 (GenBank
Accession no. BI144878) cDNA probes. A β-actin cDNA (Gen-
Bank Accession no. NM_007393) was used to monitor loading

and RNA integrity. Relative differences in mRNA expression
were estimated by densitometry. Autoradiograms were scanned
and analysed using the National Institutes of Health (NIH) Image
J program (version 1.32; http://rsb.info.nih.gov/ij/). Densito-
metry data for EKLF, β-major globin, and ALAS-2 expression
in the rat spleen were normalised against G3PDH.

Flow cytometry
CD1 mouse spleens were collected and placed immediately
on ice. Spleens were dissociated mechanically using a Ten-
broeck tissue grinder (Fisher Scientic, Pittsburgh, PA, USA) in
phosphate-buffered saline (PBS; pH 7.4) supplemented with 2%
fetal bovine serum (FBS). The splenocytes (106 cells per 0.1 mL
PBS, 2% FBS) were incubated with rat anti-mouse CD16/CD323
(Mouse BD FC Blocker; BD Biosciences, San Jose, CA, USA)
for 15 min. Splenocytes were then incubated for 25 min with
both fluorescein-conjugated rat anti-mouse CD71 monoclonal
antibody (mAb) and phycoerythrin (PE)-conjugated rat anti-
mouse TER119 mAb (BD Biosciences). Controls included the
incubation of splenocytes in the absence of antibody, with
fluorescein-conjugated rat anti-mouse CD71 mAb only, with
PE-conjugated rat anti-mouse TER119 mAb only or with two
isotype controls (fluorescein-conjugated rat IgG1,k monoclonal
immunoglobulin isotype control and PE-conjugated rat IgG2b,k
monoclonal immunoglobulin isotype control; BD Biosciences).
Following incubation, the splenocytes were washed twice using
cold buffer (PBS, pH 7.4, containing 2% FBS). Splenocytes were
resuspended to a final volume of 0.3 mL and analysed by flow
cytometry using BD LSRII and FACS Diva (BD Biosciences).

Statistical analysis
Data were analysed by analysis of variance and post hoc com-
parisons were determined by the Newman–Keuls test. Data of
mouse spleen total cell number and percentage CD71/TER119
were analysed with two-tailed Student’s t-test.

Results
Pregnancy dependent effects on the rat maternal spleen
The rat maternal spleen exhibited a gestational-dependent pat-
tern of growth (Fig. 1a). Splenic growth reached its maximum
size by the end of pregnancy, exhibiting an approximate 40%
increase in weight. Maternal spleens regressed post partum
to their non-pregnant weight independent of lactational state.
In comparison, maternal kidneys did not exhibit significant
changes in weight during pregnancy but did so during lacta-
tion (Fig. 1b). During the post partum period, kidneys were
significantly larger in lactating than non-lactating rats (Fig. 1b).
The gravimetric changes in the maternal spleen during preg-
nancy correlated with changes in DNA content (Fig. 2). Mater-
nal splenic DNA content increased significantly as gestation
advanced, followed by a marked decrease after parturition to
prepregnancy levels. The results suggest that the pregnancy
dependent increase in weight observed in the maternal spleen
is likely due to splenic hyperplasia. Histological analysis of the
maternal spleen during pregnancy is shown in Fig. 3. Prominent
pregnancy dependent changes in the organisation of the spleen
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Fig. 1. Maternal weight responses to pregnancy and lactation. (a) Spleen
and (b) kidney tissues were collected from non-pregnant (np; n = 7), preg-
nant (gestation Days 4 (n = 17), 8 (n = 9), 11 (n = 17), 13 (n = 13), 15
(n = 6), 18 (n = 8), 20 (n = 7) and 21 (n = 5)), and Day 10 post partum non-
lactating (nlac; n = 7) and lactating (lac; n = 8) rats and weighed. aP < 0.05,
bP < 0.01, cP < 0.001 compared with non-pregnant animals.

were observed. As gestation advanced, the ratio of red pulp to
white pulp increased.Accompanying this shift to red pulp was an
increase in maternal splenic expression of erythroid-associated
genes (EKLF, β-major globin and ALAS-2; Fig. 4). Levels of
EKLF, β-major globin and ALAS-2 mRNA reached a peak on
gestational Day 15, followed by a protracted decline until par-
turition. Post partum expression of EKLF, β-major globin and
ALAS-2 genes decreased in non-lactating rats to non-pregnant
levels. Lactating rats maintained pregnancy associated upreg-
ulation of splenic erythroid-associated gene expression. The
ontogeny of the pregnancy dependent activation of erythroid-
associated gene expression was also evaluated. It was found that
levels of β-major globin and ALAS-2 mRNA increased by Day 4
of gestation (Fig. 5), suggesting that their expression is indepen-
dent of embryo implantation. In summary, maternal rat splenic
growth and erythroid-associated gene expression are influenced
by pregnancy and lactation.
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Fig. 2. Measurement of spleen DNA content from non-pregnant, pregnant,
non-lactating and lactating rats. Spleen tissues collected from non-pregnant,
pregnant (gestation Days 11, 18, and 21) and post partum Day 10 (with
and without pups, lac and nlac, respectively) rats were completely digested
overnight. The DNA content was measured using a Quant-iT PicoGreen
dsDNA Kit (Molecular Probes, Eugene, OR, USA). DNA concentrations
were determined using a standard curve of fluorescence emission inten-
sity plotted v. DNA concentration. The analysis was performed in triplicate.
aP < 0.05, bP < 0.01, cP < 0.001 compared with non-pregnant animals.

Pregnancy dependent effects on the mouse
maternal spleen
A pregnancy dependent increase in splenic size was reported
previously in the mouse (Fowler and Nash 1968; Maroni and
de Sousa 1973; Mattsson et al. 1979; Sasaki et al. 1981). We
examined the impact of pregnancy on maternal splenic growth
and erythroid-associated gene expression in the CD-1 mouse
(Fig. 6a). Mouse maternal spleen weights increased 2.34-fold
by gestation Day 13 and regressed markedly to non-pregnant
weights by gestation Day 18. Splenic DNA content mirrored the
pregnancy dependent splenic changes in weight (Fig. 6b). The
spleens of post partum lactating mice were significantly larger
than the spleens of post partum non-lactating mice (Fig. 6a).
Histological analysis of the maternal spleen demonstrated an
increase in red pulp associated with increased maternal spleen
size at gestation Day 13 (Fig. 6c). Maternal splenic expres-
sion of erythroid-associated genes paralleled splenic growth
(Fig. 6d). The mRNA levels of EKLF, β-major globin and
ALAS-2 increased from gestation Days 8–15, but decreased
markedly to non-pregnant expression levels by gestation Day
18. Erythroid precursor populations were also examined in the
mouse spleen. Total cell counts per spleen were positively cor-
related with pregnancy dependent splenic changes in weight
(Fig. 7a). Erythroid progenitors were detected by simultaneous
immunostaining of Ter119 (glycophorin A) and CD71 (trans-
ferrin receptor; Socolovsky et al. 2001). Erythroid progenitors
increased 3.71-fold by gestation Day 13 in the mouse spleen
(Fig. 7b, c).

The maternal spleen of both the mouse and rat is affected
by pregnancy in the form of altered growth and erythroid-
associated gene expression. However, the magnitude of the
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(a) (b)

Fig. 3. Histological analysis of maternal spleen tissue from non-pregnant and pregnant rats. Cryostat sectioned
spleens from non-pregnant (a) and gestation Day 18 (b) rats were stained with methyl green–pyronin solution.
(Original magnification ×25.) The outline indicates examples of areas containing a majority of red pulp.
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Fig. 4. Northern blot analysis of erythroid-associated gene expression in rat spleen. (a) Total RNA was prepared from spleen tissue of non-pregnant (np),
pregnant (gestation Days 8, 11, 13, 15, 18, 21) and Day 10 post partum non-lactating (nlac) and lactating (lac) rats. Total RNA (20 µg) was loaded and
mRNA expression levels in the spleen were evaluated by northern blot analysis using erythroid Krüppel-like factor (EKLF), β-major globin and erythroid
5-aminolevulinate synthase-2 (ALAS-2) cDNA probes labelled with [32P]-dCTP. Glyceralderhyde-3-phosphate dehydrogenase (G3PDH ) served as an internal
control to monitor loading and RNA integrity. Densitometric analysis of the multiple northern blots of (b) EKLF, (c) β-major globin and (d) ALAS-2 was
normalised against G3PDH. The analysis was performed in triplicate. aP < 0.05, bP < 0.01, cP < 0.001 compared with non-pregnant animals.
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Fig. 5. Northern blot analysis of upregulation of erythroid-associated
genes in the spleen before implantation. (a) Total RNA was prepared form
spleen tissue of non-pregnant (np) and pregnant (gestation Days 4 and 8) rats.
Total RNA (20 µg) was loaded and mRNA expression levels in the spleen
were evaluated by northern blot analysis using β-major globin and ery-
throid 5-aminolevulinate synthase-2 (ALAS-2) cDNA probes labelled with
[32P]-dCTP. Glyceralderhyde-3-phosphate dehydrogenase (G3PDH ) served
as an internal control to monitor loading and RNA integrity. Densitometric
analysis of the northern blot of (b) β-major globin and (c) ALAS-2 was nor-
malised against G3PDH.The analysis was performed in triplicate. aP < 0.01,
bP < 0.001 compared with non-pregnant animals.

splenic gravimetric response and temporal patterns of the splenic
responses are species specific. The mouse spleen also exhibited
a significant increase in erythroid progenitors.

Discussion

Maternal adaptations to pregnancy are a necessary prerequisite
to ensure the health of the mother and the developing fetus. In
the present study, we investigated the impact of pregnancy and
lactation on the maternal spleen of the rat and mouse. Mater-
nal spleen structure and function were affected by gestation and
lactation in both species. Elements of the responses to preg-
nancy and lactation showed species specificity. In the rat, the
increase in spleen size peaked at gestation Day 18 and was main-
tained until parturition, whereas maternal spleen growth in the
mouse peaked on gestation Day 13 and regressed to non-pregnant
sizes by gestation Day 18. Similar gestation-dependent mater-
nal splenic growth patterns have been observed for the mouse
(Fowler and Nash 1968; Maroni and de Sousa 1973; Hethering-
ton and Humber 1977; Mattsson et al. 1979; Chatterjee-Hasrouni

et al. 1980). Lactation had differing effects on rat and mouse
maternal spleen development. During the post partum period,
the maternal rat spleen regressed in size to its non-pregnant
size, independent of lactation. In contrast, the post partum
mouse spleen was significantly larger in lactating compared
with non-lactating animals. Mechanisms underlying the species
differences in splenic responses to pregnancy and lactation are
unknown.

Pregnancy dependent increases in splenic growth in the
mouse are associated with an increase in red pulp (Fowler
and Nash 1968; Sasaki et al. 1981; Mattsson et al. 1984). We
similarly observed expansions in splenic red pulp in pregnant
rats. In addition, a significant accumulation of mRNAs associ-
ated with the erythroid cell lineage was observed. These genes
included EKLF, a transcriptional regulator of the erythroid lin-
eage (Miller and Bieker 1993; Perry and Soreq 2002), ALAS-2,
a key enzyme involved in heme synthesis (Dzikaite et al. 2003),
and β-major globin, which encodes the protein chains compris-
ing haemoglobin (Espersen et al. 2002). Unlike pregnancy in the
rat, erythroid gene expression in spleens of lactating rats showed
no correlation with spleen size. We also observed a significant
pregnancy dependent increase in erythroid progenitors in the
mouse spleen. These results correlate with increases in circu-
lating reticulocytes in the rat during pregnancy (de Rijk et al.
2002).

The impact of pregnancy and lactation on the physiology of
the maternal spleen may be related to established splenic stress
responses. Under stressful physiological conditions, the spleen
acts as a reservoir for erythrocytes, which can be released back
into the circulation (Fowler and Nash 1968; Peterson 2003). The
increase in spleen size and accumulation of erythroid-associated
mRNAs during gestation may be due, in part, to the accrual
of red blood cells. During exposure to physiological stressors,
the spleen can also serve as a secondary site of erythropoiesis
(Mattsson et al. 1984; Welniak et al. 2001). Pregnancy repre-
sents a physiological stress and is associated with changes in
blood volume resulting in haemodilution, which could serve as
an effective activator of splenic erythropoiesis (Fowler and Nash
1968; Mattsson et al. 1984; de Rijk et al. 2002).

Prolactin (PRL) has been implicated as a regulator of
haematopoiesis (Jepson and Lowenstein 1964, 1965; Bellone
et al. 1997; Abkowitz et al. 2002; Akiyama et al. 2005). Early
studies demonstrated that PRL stimulates erythropoiesis in non-
pregnant, pregnant and lactating mice (Jepson and Lowenstein
1964, 1965). In addition, in vivo and in vitro studies have shown
that PRL can increase the number of erythroid progenitors in
haematopoietic tissue (Bellone et al. 1997; Woody et al. 1999;
Richards and Murphy 2000; Welniak et al. 2001). In the rat and
mouse, mating activates twice-daily PRL surges for the first half
of pregnancy; in addition, suckling during lactation is a well-
established stimulus for PRL secretion (Erskine 1995; Soares
2004; Andrews 2005). These mechanisms for increasing circu-
lating PRL may contribute to activation of the splenic erythroid
lineage during early pregnancy and lactation. However, during
most of the second half of pregnancy, circulating PRL levels are
very low. Maternal splenic adaptations to pregnancy may involve
the endocrine activities of the placenta. The placenta produces
true PRL mimetics (placental lactogens; Soares 2004) and other
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Fig. 6. Pregnancy and lactation-dependent changes in mouse spleen. (a) Maternal weight responses of the spleen to pregnancy
and lactation. Spleen tissues were collected from non-pregnant (np), pregnant (gestation Days 4 (n = 5), 8 (n = 16), 10 (n = 7), 11
(n = 7), 13 (n = 17), 15 (n = 10) and 18 (n = 16)) and Day 10 post partum without pups (non-lactating; nlac; n = 11) and with pups
(lactating; lac; n = 7) CD-1 mice and weighed. (b) Measurement of spleen DNA content from non-pregnant and pregnant CD-1
mice. Spleen tissues collected from non-pregnant and pregnant (gestation Days 13 and 18) CD-1 mice were completely digested
overnight. The DNA content was measured using a Quant-iT PicoGreen dsDNA Kit (Molecular Probes, Eugene, OR, USA). DNA
concentrations were determined using a standard curve of fluorescence emission intensity plotted v. DNA concentration. The analysis
was performed in replicates of four. (c) Histological analysis of maternal spleen tissue from non-pregnant and pregnant CD-1 mice.
Cryostat sectioned spleens from non-pregnant (A) and pregnant (gestation Days 10 (B), 13 (C), and 18 (D)) CD-1 mice were stained
with methyl green–pyronin solution. (Original magnification ×40.) (d) Northern blot analysis of erythroid-associated gene expression
in mouse spleen. Total RNA was prepared form spleen tissue of non-pregnant (np) and pregnant (gestation Days 8, 10, 13, 15 and 18)
CD-1 mice. Total RNA (20 µg) was loaded and mRNA expression levels in the spleen were evaluated by northern blot analysis using
erythroid Krüppel-like factor (EKLF), β-major globin and erythroid 5-aminolevulinate synthase-2 (ALAS-2). cDNA probes labelled
with [32P]-dCTP. β-Actin served as an internal control demonstrating loading and RNA integrity. aP < 0.05, bP < 0.001 compared
with non-pregnant animals.

PRL-related proteins known to regulate haematopoiesis (PRL-
like protein (PLP)-E/F subfamily; Lin et al. 1997; Müller et al.
1998; Lin and Linzer 1999; Sahgal et al. 2000; Bhattacharyya
et al. 2002; Zhou et al. 2002, 2005; Alam et al. 2006; Ho-
Chen et al. 2007). PLP-E effectively stimulates erythroid cell
proliferation and differentiation (Bittorf et al. 2000; Lin et al.
2000). The precise roles attributed to PRL and members of the

placental PRL family in regulating maternal splenic physiology
are yet to be established.

In summary, the demands of pregnancy cause marked adap-
tations in the maternal spleen. The maternal spleen increases
in size, most prominently within the red pulp, and exhibits an
expansion of the erythroid lineage. Active lactation maintains
pregnancy associated stimulation of the erythroid lineage.
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