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Stromal derived factor-1 (SDF-1 or CXCL12), one of the CXC chemokines, is widely expressed in many
tissues, including the thymus. The thymus can regenerate to its normal mass within 14 days after
acute involution induced by cyclophosphamide (CY) in adult rats. Despite the established role of
SDF-1 signaling in the development of T and B lymphocytes in the thymus, it has not yet been asso-
ciated with the regeneration of the adult thymus. The purpose of this study was to investigate wheth-
er SDF-1, which is expressed in thymic stromal cells, is modulated during thymic regeneration in
adult rats. Here, we showed that SDF-1 mRNAs were expressed in high levels in the thymocyte and
thymic stromal cells at day 7 of the CY model. SDF-1 protein was shown to be present at the cor-
tex-medulla junction, paraseptum and within the thymic medulla. Double-immunofluorescence for
SDF-1 and ED-1 showed that strong SDF-1 expression was detected in the macrophages of the me-
dulla region displaying immunoreactivity for ED-1 during thymus regeneration. Taken together, our
results demonstrated that SDF-1 expression increased in regenerating thymic macrophages, suggesting
the roles of SDF-1 as a chemo-attractant for damaged cells produced in the process of thymic re-
generation after acute involution induced by CY.
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Introduction

The thymus has a central role in the immune system,

providing a specialized microenvironment for T cell matu-

ration [10]. Once precursor cells colonize the thymus, the

developing T cells move from the subcapsular, through the

cortex into the central medulla, and they receive signals for

survival, proliferation, receptor gene rearrangement, pos-

itive selection and negative selection, molecular and func-

tional maturation, and migration [14]. Thymic stroma pro-

vides a specialized microenvironment for the development

of T cells, and consists of epithelial cells, macrophages,

dendritic cells and fibroblasts, all of which play specific

roles at different stages of T cell differentiation [1]. With

advancing age or under any of stressful conditions, the

gradual loss of thymic structure and function causes a de-

cline in thymic output and subsequent losses of naïve T

cells [16,17]. Attempts to define the molecular mechanism

of thymic involution have so far relied on investigating the

changing levels of expression of molecules, such as cyto-

kines, growth factors, neuropeptides and their receptors,

with aging. It was previously demonstrated that acute thy-

mic involution, induced in experimental animals, is fol-

lowed by intensive regeneration after the removal of the

causative stimuli [9,19]. However, the molecular mecha-

nisms underlying thymus regeneration are still largely

unknown. Thus, it is a matter of considerable importance

to understand the mechanism of thymus regeneration and

develop methods of normalizing or improving host im-

munity when immune function is depressed due to thymic

involution.

Chemokines, small pro-inflammatory chemoattractant

cytokines, and their receptors have been discovered as es-

sential and selective mediators in leukocyte migration to

inflammatory sites [18]. Stromal derived factor-1 (SDF-1),

also called CXCL12, a member of the chemokine CXC sub-

family, was first identified as a pre-B-cell growth factor

and has been known as a chemotactic factor for T cell,

monocytes, dendritic cells, and hematopoietic progenitor

cells [8,11].

SDF-1 exerts its effects via the binding to CXCR4, a re-

ceptor member of the G-protein-coupled receptor super-

family that is expressed constitutively in a wide variety of
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normal tissue, including lymphatic tissues, brain, spleen,

stomach, small intestine, and thymus [11]. Recently, it was

also reported that SDF-1/CXCR4 not only regulates the de-

velopment of T and B lymphocytes but also contributes to

the survival of lymphocytes and in the generation of memo-

ry T cells [6]. These observations strongly suggest that

SDF-1/CXCR4 signaling has a functional role in thymus

development. However, whether the SDF-1/CXCR4 signal-

ing is also involved during thymic regeneration in adult rat

is actually not known.

Thus, the aim of the present study was to characterize

the expression pattern of SDF-1 on the thymic macrophage

and to shed light on its role in thymus regeneration.

Materials and Methods

Cell lines

The generation, maintenance, and functional character-

ization of the mouse thymic subcapsular cortex or thymic

nurse epithelial cells (427.1; SNEC), deep cortex or cortical

reticular epithelial cells (1308.1; CREC), and medullary epi-

thelial cells (6.1.7; MEC) have been described by Faas et al

[4]. These cell lines were cultured in DMEM (Gibco-BRL,

Grand Island, NY, USA) containing 10% FBS (FBS, Gibco-

BRL) and 2 mM glutamine (Sigma), 100 U/ml penicillin

(Gibco-BRL), and 100 μg/ml streptomycin (Gibco-BRL) at

37oC in 5% CO2-enriched atmosphere.

Experimental acute thymic involution and regeneration

model

Adult male-specific pathogen-free Sprague-Dawley rats

were purchased from Dae Han Bio Link (Seoul, Korea). All

rats were housed three to four per cage and maintained un-

der a 12 hr light/dark cycle at 24
o
C in a specific patho-

gen-free and humidity-controlled facility. Animals were pro-

vided with standard sterile food and water ad libitum, and

were allowed to adjust to their environment for 1 week.

Animals were used at 8-10 weeks of age, by being given

a single intraperitoneal dose of cyclophosphamide

(150 mg/kg body weight, Sigma, St. Louis, USA) in normal

saline, and were sacrificed in groups of four at 3, 7 and

14 days after injection. Rats given the same amount of nor-

mal saline were used as controls. Animal care and all ex-

perimental procedures were conducted in accordance with

the “Guide for Animal Experiments” edited by the Korean

Academy of Medical Sciences.

Thymocyte and thymic stromal cell isolation

Two to three thymi were dissected from freshly killed

rats and trimmed of fat and connective tissue. Small cuts

(2-3 mm) were made into the capsules with a pair of razors,

and thymi were gently agitated in 30 ml of RPMI-1640 us-

ing a magnetic stirrer at 4oC for 40 min. The resulting thy-

mic fragments and supernatant were transferred into sepa-

rate tubes. For the isolation of thymocytes, the supernatant

was passed three times through 70 μm mesh and

centrifuged. The cell pellet was resuspended in 20 ml of

ACK lysis solution (0.15 M NH4Cl, 1 mM KHCO3, 0.1 mM

Na2EDTA) to remove red blood cells. The thymocytes sus-

pension was washed three times with HBSS buffer. The thy-

mocytes were resuspended in HBSS buffer, and viable cells

were counted using the hemocytometer after trypan blue

staining. For the isolation of thymic stromal cells, the thy-

mic fragments were transferred into 5 ml of RPMI-1640 con-

taining 0.125% (w/v) collagenase D and 0.1% (w/v) DNAse

I (both from Roche) and then incubated for 15 min with

gentle shaking in a water bath at 37
o
C. The thymic frag-

ments in the enzyme mixtures were carefully dispersed

with a Pasteur pipette several times, and the supernatant

was removed after fragments had settled and was replaced

with fresh enzyme mixture. Gentle mechanical agitation

was provided using a 5 ml syringe and 18 G needle, then

a 21 G needle, followed by a 23 G needle. Tissue fragments

were allowed to settle, and the supernatant was discarded.

This digestion process was repeated four more times until

the tissue was fully digested. Cells liberated by the fourth,

fifth, and sixth digests were saved, filtered through a 100

μm mesh to remove undigested particles, and washed with

HBSS buffer. They were then resuspended in HBSS buffer,

and viable cells were counted using the hemocytometer af-

ter trypan blue staining.

Reverse transcriptase-polymerase chain reaction

(RT-PCR) analysis

Total RNA was isolated from each sample using easy-Blue

reagent (Intron) following the manufacturer's protocol.

Briefly, the samples were transferred to a tube containing

1 ml of the RNA extraction solution. The homogenate was

then chloroform extracted, isopropanol precipitated, ethanol

washed, and resuspended in 30 μl of distilled water. RNA

concentration and purity were determined by absorbance at

260 and 280 nm. First strand cDNA was obtained by reverse

transcription (RT) using 3 μg of total rat thymus RNA. The
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reaction was conducted in 20 μl of buffer containing 0.5 μg

of Oligo (dT)12-18 primer (Gibco-BRL), 50 mM Tris-HCl (pH

8.3), 75 mM KCl, 3 mM MgCl2, 40 mM DTT, 0.5 mM deox-

ynucleotide triphosphate (dNTP) mixture (Gibco-BRL),

10 units RNase inhibitor (Gibco-BRL), and 200 units of

MMLV reverse transcriptase (Gibco-BRL). After incubation

at 37oC for 60 min, the reaction was stopped by heating at

70oC for 15 min. To remove the remaining RNA, 1 μl of E.

coli RNase H (4 mg/ml) was added to the reaction mixture

and incubated at 37
o
C for 30 min. The oligonucleotide pri-

mers for PCR were designed as follows: GAPDH, 5'-CAACT

CCCTCAACATTGTCAGC-3' and 5'-GGGAGTTGCTGTTG

AAGTCACA-3'; SDF-1α, 5'-GATCCAAGAGTACCTGGACA

-3' and 5'-GATGAGGAAGATGAGGATGA-3'; SDF-1β, 5'-A

AGAGGCTCAAGATGTGAGA-3' and 5'-CTCAAAGAGAC

AAACCTTGG-3'.

Immunohistochemistry

After cryosections, immunostaining was performed us-

ing the streptavidin-biotin complex (ABC) method. In brief,

sections were incubated for 20 min in a solution of phos-

phate-buffered saline (PBS) containing 0.3% H2O2 to elimi-

nate endogenous peroxidase activities. After washing in

PBS, sections were incubated with 2% normal donkey se-

rum (Vector Laboratories, Burlingame, CA). The excess sol-

ution was shaken off and sections were incubated for 16-18

hr at 4
o
C with an affinity-purified Rabbit polyclonal an-

ti-SDF-1 antibody (sc-28876, diluted 1:100, Santa Cruz

Biotechnology, Santa Cruz, CA). Following incubation with

the primary antibody, sections were washed three times

for 5 min with PBS and incubated for 2 hr at room temper-

ature with an F(ab`)2 fragment mouse anti-rabbit bio-

tinylated antibody diluted 1:100 (Jackson ImmunoResearch

Laboratories, West Grove, PA). They were then rinsed in

PBS and incubated for 60 min at room temperature with

an ABC reagent (Vectastain Elite Kit; Vector Laboratories)

according to the manufacturer’s instructions. Sections were

developed in 0.025% 3,3`-diaminobenzidine and 0.003%

H2O2 medium under microscopic control at room temper-

ature to visualize peroxidase activity. Sections were rinsed

in distilled water, counterstained with Mayer’s hematox-

ylin, and mounted in a xylene-based mounting medium

(Entellan, Darmstadt, Germany). Slides were observed and

photographed using an Olympus BX50 microscope. All

photomicrographs were taken with an Olympus C-3030

digital camera.

Double Immunofluorescence Staining

Two-color double immunohistochemical analysis was

performed in order to confirm whether the cells that express

SDF-1 are macrophages. After the sections were rinsed in

PBS and incubated with 2% normal donkey serum for 60

min, they were incubated with the first primary antibody

(Rabbit polyclonal anti-SDF-1 antibody, sc-28876, Santa Cruz

Biotechnology) for 16-18 hr at 4·. Following incubation with

the primary antibody, the sections were incubated with an

F(ab`)2 fragment of donkey anti-rabbit Texas Red-conjugated

antibody at a dilution of 1:100 (Jackson ImmunoResearch

Laboratories). After the sections were rinsed in PBS, they

were further incubated with the second primary antibody.

For the second primary antibody, we used affinity-purified

mouse anti-ED1 antibody (Jackson ImmunoResearch Lab.)

at a dilution of 1:100 to identify for the reactivity with the

macrophages of the rat thymus. The sections were incubated

with an F(ab`)2 fragment of donkey anti-mouse FITC-con-

jugated antibody diluted 1:100 (Jackson ImmunoResearch

Laboratories). The samples were examined under a fluo-

rescence microscope (Axiphot, Zeiss).

Results

Upregulation of SDF-1 mRNA expression during

thymic regeneration

To investigate the expression pattern of SDF-1 genes in

regenerating thymus of adult rat, the levels of SDF-1 alpha

and beta mRNAs were analyzed by quantitative RT-PCR

analysis. As shown in Fig. 1A, while the levels of SDF-1α
mRNAs were slightly increased during thymic regeneration,

the mRNA levels of SDF-1β were significantly elevated at

3 days, reached peak levels at 7 days after CY treatment

in both thymocytes and thymic stromal cells, and then de-

clined by 14 days. RT-PCR analysis of various cell lines

showed that the thymic subcapsular cortex or thymic nurse

epithelial cells (427.1; SNEC), the deep cortex or cortical re-

ticular epithelial cells (1308.1; CREC), medullary epithelial

cells (6.1.7; MEC), and D1 thymocytes expressed a very high

level of SDF-1 β mRNA, while the medullary interdigitating

(IDC)-like cells (6.1.1; MDC) display little SDF-1 β mRNA

(Fig. 1B).

Upregulation of SDF-1 protein expression during

thumic regeneration

We next verified the expression pattern of SDF-1 protein
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(A)

(B)

Fig. 1. Differential expression of SDF-1 family members in thy-

mocytes and thymic stromal cells during thymic

regeneration. (A) RT-PCR analysis of SDF-1 family and

GAPDH mRNA expression in thymocytes and thymic

stromal cells isolated from normal thymus (N) and re-

generating thymus at 3 (3d), 7 (7d) and 14 (14d) days

after cyclophosphamide (CY) treatment. (B) SDF-1β
mRNA in the mouse epithelial cell line subcapsullar/

paraseptal epithelial cells (SNEC), cortical epithelial cells

(CREC), medullary epithelial cells (MEC), medullary in-

terdigitating (IDC)-like cells (MDC) and Thymocytes.

Relative SDF-1 mRNA levels normalized with GAPDH

mRNA. The density of each band in each lane from three

independent experiments was quantified by scanning

densitometry and then expressed as mean±SD.

in regenerating thymus of adult rat. Immunohistochemical

staining for SDF-1 protein revealed that SDF-1-positive cells

including thymocytes and epithelial cells were detected in

paraseptal and corticomedullary regions of normal thymus

(Fig. 2a and b). However, significantly increased expression

of SDF-1 protein was observed in both cortext and medulla

of regenerating thymus, especially at 3 days (Fig. 2c and d),

7 days (Fig. 2e and 2f), and even by 14 days after CY treat-

ment (Fig. 2g and 2h).

Co-localization SDF-1 in ED-1-positive thymic

macrophages

Since the SDF-1-positive cells in regenerating thymic

tissue were morphologically different to those in normal

Fig. 2. Upregulation of SDF-1 protein expression during thymic

regeneration. Immunohistochemical localization of SDF-

1 in the cortex (C) and medulla (M) of the normal thymus

(a, b) and regenerating thymus 3 (c, d), 7 (e, f), and 14

(g, h) days after cyclophosphamide treatment. In the nor-

mal rat thymus, the number of SDF-1 immunoreactive

cells is increased during thymus regeneration. SDF-1 im-

munopositive cells are distributed not only in the me-

dulla but also in the cortex, while these cells are scattered

in the medulla and septum of the rat thymus. (X400)

thymus, we next examined the types of cells that are respon-

sible for the SDF-1 upregulation during thymic regeneration.

Double-immunohistochemistry for SDF-1 and ED-1 revealed

that strong SDF-1 signals were detected in the thymic macro-

phage displaying immunoreactivity for ED-1 during thymic

regeneration (Fig. 3).

Discussion

The present results showed for the first time that the levels

of SDF-1 mRNA and protein were significantly up-regulated

in thymic macrophages during thymic regeneration in adult

rat. Among the SDF-1 genes analyzed, SDF-1β was the most

interesting one because dramatic induction of SDF-1β ex-

pression was observed particularly in thymic stromal cells

as well as in thymocytes during thymic regeneration (Fig.

1A and B). SDF-1 protein expression confirmed by immuno-

hiostochemistry was significantly elevated at 3 and 7 days
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Fig. 3. Expression of SDF-1 in ED1-positive macrophages. Two-

color, double labeled immunofluorescent staining of

SDF-1 (red) and ED1 (green) on thymic macrophages in

rat thymus at 3 days after CY treatment. The individual

recordings were used to create the merged images

(yellow) showing simultaneous detection of SDF-1 and

ED1. Cells expressing SDF-1 are ED1-positive macro-

phages (arrows). Magnification is 400X.

after CY treatment (Fig. 2). Most interestingly, cells immunola-

beled for the SDF-1 protein were identified as macrophages

by their co-expression of SDF-1 and ED1, as demonstrated by

double-labeled immunofluorescence staining (Fig. 3).

The chemokine SDF-1 regulates many essential biological

processes, including cardiac and neuronal development,

stem cell survival, tumorigenesis and angiogenesis [2,13]. It

was previous reported that SDF-1 binds only to CXCR4, and

the signaling of SDF-1/CXCR4 plays an important and

unique role in the regulation of stem/progenitor cell traffick-

ing [7]. Recently, SDF-1 is also a highly efficacious chemo-

tactic activity for immature thymocytes, CD34
+

progenitor

cells, lymphocytes and monocytes [3,5]. Therefore, it is likely

that the upregulation of SDF-1 expression in regenerating

thymus may contribute to thymic repair and remodeling

through the trafficking of stem/progenitor cells.

SDF-1 also regulates processes essential to tumor meta-

stasis and plays an important role in tumor vascularization

[13]. In addition, the increased SDF-1 expression is asso-

ciated with the recruitment of recipient-derived CXCR4- pos-

itive cells in aortic allografts [15], and then SDF-1 promotes

neointima formation in graft vasculopathy. We have pre-

viously demonstrated that reparative angiogenesis occurs

dramatically during adult thymic regeneration that accom-

panies the up-regulation of VEGF gene expression, which

is induced by NGF [12]. Although recent studies regarding

important roles of angiogenesis in stimulating adult tissue

regeneration have been published, they do not much address

the molecular basis of the reparative angiogenesis during

adult tissue repair/regeneration. In this study, the dramatic

increase of SDF-1 mRNA and protein was found in the re-

generating thymus, which is concurrent with the higher den-

sity of microvessels. Therefore, these observations suggest

that SDF-1 highly induced in regenerating thymus may play

an important role in the reparative angiogenesis during thy-

mic regeneration.

Our previous studies have demonstrated that thymic mac-

rophages are highly detected in thymus tissue during thymic

regeneration following acute involution induced by CY

treatment. In addition, SDF-1 is reported to be expressed in

human thymus and to play a potential role in the elimination

of apoptotic thymocytes in thymic tissue [20]. Thus, consid-

ering our present data that the levels of SDF-1are up-regu-

lated in thymic macrophage during thymic regeneration, it

is likely that SDF-1 may contribute to the recruitment and

removal of damaged cells including thymocytes.

In summary, we have demonstrated for the first time that

SDF-1 expression is highly increased in thymic macrophages

during thymic regeneration. Our results indicate that thymic

macrophages, through SDF-1 system, may participate in the

stimulation and homing of endothelial cells and stem/pro-

genitor cells, respectively, for thymus remodeling, which

roles are very similar to those of tumor-associated macro-

phage, as well as in the removal of damaged or injured cells

including thymocytes, suggesting that modulators of SDF-1

signaling might find usage as therapeutic regulators for the

repair of acute, accidental, or age involution of adult thymus.
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