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Abstract

We previously demonstrated that chemokine receptors are expressed by neural progenitors grown

as cultured neurospheres. To examine the significance of these findings for neural progenitor function

in vivo, we investigated whether chemokine receptors were expressed by cells having the

characteristics of neural progenitors in neurogenic regions of the postnatal brain. Using in situ

hybridization we demonstrated the expression of CCR1, CCR2, CCR5, CXCR3, and CXCR4

chemokine receptors by cells in the dentate gyrus (DG), subventricular zone of the lateral ventricle,

and olfactory bulb. The pattern of expression for all of these receptors was similar, including regions

where neural progenitors normally reside. In addition, we attempted to colocalize chemokine

receptors with markers for neural progenitors. In order to do this we used nestin-EGFP and TLX-

LacZ transgenic mice, as well as labeling for Ki67, a marker for dividing cells. In all three areas of

the brain we demonstrated colocalization of chemokine receptors with these three markers in

populations of cells. Expression of chemokine receptors by neural progenitors was further confirmed

using CXCR4-EGFP BAC transgenic mice. Expression of CXCR4 in the DG included cells that

expressed nestin and GFAP as well as cells that appeared to be immature granule neurons expressing

PSA-NCAM, calretinin, and Prox-1. CXCR4-expressing cells in the DG were found in close

proximity to immature granule neurons that expressed the chemokine SDF-1/CXCL12. Cells

expressing CXCR4 frequently coexpressed CCR2 receptors. These data support the hypothesis that

chemokine receptors are important in regulating the migration of progenitor cells in postnatal brain.
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During embryogenesis, neural stem/progenitor cells must migrate long distances from the

germinal epithelia where they are born to their final destinations (Hatten, 1999; Alvarez-Buylla

et al., 2001). During migration, stem cells may continue to divide and also become restricted

in terms of their ultimate phenotypes. Thus, the timing of neuro- and gliogenesis in the

developing embryo is precisely controlled (Rallu et al., 2002). The factors that determine the

migration, proliferation, and differentiation of embryonic stem cells have been widely

investigated and numerous factors have been shown to influence these processes (Lindvall et

al., 2004). One group of molecules that has recently been shown to control progenitor cell

migration in the nervous system are the chemokines (CHEMO-tactic cytoKINES) (Tran and
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Miller, 2003). The chemokines are a family of small secreted proteins that are known to be

important regulators of leukocyte trafficking under both normal conditions and during

inflammatory responses (Moser et al., 2004). Furthermore, it is now known that chemokine

signaling has an important role to play in the developing embryo. Deletion of the genes for the

CXCR4 chemokine receptor or for its unique ligand, the chemokine Stromal cell-Derived

Factor-1 (SDF-1/CXCL12), is lethal at a relatively late stage of embryogenesis (Ma et al.,

1998; Zou et al., 1998). CXCR4 or SDF-1 deficient embryos exhibit a large number of

phenotypes affecting the cardiovascular, gastrointestinal, and nervous systems, in addition to

the immune system (Nagasawa et al., 1996; Ma et al., 1998; Tachibana et al., 1998; Zou et al.,

1998; Kawabata et al., 1999). In the nervous system, in particular, the development of the

cerebellum, hippocampal dentate gyrus, cortex, and dorsal root ganglia (DRG) are all abnormal

(Zou et al., 1998; Bagri et al., 2002; Lu et al., 2002; Stumm et al., 2003; Belmadani et al.,

2005) and deficits in the migration and proliferation of oligodendrocyte progenitors have also

been observed (Dziembowska et al., 2005). Examination of the expression patterns of SDF-1

and CXCR4 during embryogenesis (McGrath et al., 1999; Stumm et al., 2002; Tissir et al.,

2004) indicates that all of these developmental phenotypes can be explained on the basis of

deficits in SDF-1 mediated attraction of embryonic neural stem/progenitor cells. In keeping

with this possibility, examination of embryonic neural progenitor cells in culture has confirmed

that these cells express CXCR4 receptors and that SDF-1 can act as a chemoattractant (Ji et

al., 2004; Krathwohl and Kaiser, 2004; Ni et al., 2004; Peng et al., 2004; Tran et al., 2004). In

addition to CXCR4, the CXCR2 chemokine receptor has been shown to be important for

regulating the migration of oligodendrocyte progenitor cells in the developing spinal cord

(Tsai et al., 2002).

It is now well established that neural stem cells continue to contribute to neuro- and gliogenesis

in the postnatal brain (Altman and Das, 1965; Mitchell et al., 2004; Abrous et al., 2005).

However, this process normally only occurs to a significant extent in the dentate gyrus (DG),

the subventricular zone of the lateral ventricle (SVZ), and in the olfactory bulb (OB). Normally,

progenitor cells produce mostly granule cells in the DG (Altman and Das, 1965; Seri et al.,

2004) and interneurons in the OB (Lledo et al., 2004). However, experiments have

demonstrated that in response to trauma, injury, infection, or neurodegneration, progenitor cells

in these neurogenic areas, or populations of latent neural progenitors throughout the neuraxis,

can migrate toward areas of brain injury, presumably in an attempt at self repair (Nakatomi et

al., 2002; Picard-Riera et al., 2002; Taupin and Gage, 2002; Kokaia and Lindvall, 2003; Jin et

al., 2004; Zhang et al., 2004a,b; Glass et al., 2005). In a variation of this paradigm, neural

progenitor cells that have been propagated in culture can be introduced into the brain and can

also be observed to migrate toward damaged areas (Ben-Hur et al., 2003; Pluchino et al.,

2003, 2005; Zhang et al., 2003; Imatola et al., 2004; Kelly et al., 2004; Lindvall et al., 2004).

An important question is: What guides this directed migration of endogenous or exogenous

progenitor cells? It is known that virtually all cases of acute or long-term brain diseases are

accompanied by a neuroinflammatory response. This response involves elements of the innate

immune response in the brain including the activation of resident microglia and astrocytes

(Huang et al., 2000; Cacquevel et al., 2004). Activation of these cells is associated with the

upregulated synthesis of a large number of pro- and antiinflammatory cytokines, including

numerous chemokines (Huang et al., 2000). We have demonstrated that neural progenitor cells

isolated from postnatal mice, and propagated in culture, also express numerous chemokine

receptors, as do their embryonic counterparts (Tran et al., 2004). Thus, in principle, it is possible

that chemokines synthesized in association with neuroinflammatory responses might act as

chemoattractants for neural progenitors in vivo and so explain the targeted migration of these

cells to regions of brain injury.

In order for this hypothesis to be correct it is necessary to demonstrate that neural progenitor

cells in their normal neurogenic environments in vivo express chemokine receptors, as do their
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counterparts in cell culture. This is particularly true as cell culture conditions often alter the

characteristics of neural progenitor cells (Gabay et al., 2003). In the present study we examined

this issue and observed the expression of chemokine receptors by neural progenitor cells

identified by several different criteria. The data suggest that chemokines may be important in

the control of neurogenesis in the postnatal brain under normal conditions and in the context

of brain disease.

MATERIALS AND METHODS

Animals

CD1 mice were bred in the local animal facilities and maintained on a 12-hour dark/light cycle

(7 AM / 7 PM) with food and water ad libitum. The following transgenic animals were also

used in this study: Nestin-EGFP transgenic mice: the second intron from the rat nestin gene

was placed upstream of the thymidine kinase minimal promoter (tk) to drive a modified form

of enhanced green fluorescent protein (EGFPmut4) (Okada et al., 1999). DNA was generously

provided by the following individuals: nestin/tk, J.M. Hebert (Albert Einstein College of

Medicine); EGFPmut4, A. Okada (Stanford). Transgenic mice in the FVB/N strain were

generated by transgenic mouse cores at Children’s Hospital in Boston. Animals are genotyped

by polymerase chain reaction (PCR) of tail DNA using primers specific to transgene sequences.

Two mm of tail is placed into a 1.5 mL microfuge tube with 200 µL 1 × PBND buffer (Jackson

Laboratories, Bar Harbor, ME) and 1 µL of 10 mg/mL Proteinase K and incubated at 55°C

overnight. Then 1–2 µL processed, lysed tail DNA was used for each PCR reaction. TLX-LacZ

transgenic mice (Shi et al., 2004; kindly provided by Drs. Ruth Yu and Ron Evans, Salk Inst.),

CCR2 knockout mice (kindly provided by Dr. William Karpus, Northwestern Univ.) (Fife et

al., 2000), GAD-65-EGFP transgenic mice (kindly provided by Dr. Enrico Mugnaini, NUIN,

Northwestern Univ.), CXCR4-EGFP and SDF-1-EGFP BAC transgenic mice (kindly provided

by Dr. Mary Beth Hatten and the Gene Expression Nervous System Atlas (GENSAT) project;

NINDS contract N01Nso2331 to Rockefeller University, NY,

http://www.gensat.org/index.html). All animal-related procedures were approved by the

Northwestern University animal care and use committee.

In situ hybridization probes

cDNA fragments were amplified by PCR from mouse or rat cDNA and subcloned into the PCR

II-TOPO vector (Invitrogen, La Jolla, CA) or pGEM-T vector (Promega, Madison, WI). All

the PCR fragments were verified by restriction analysis and automated DNA sequencing

(Perkin Elmer, Norwalk, CT). The plasmid templates were linearized with restriction enzyme

digested and then transcription labeled by digoxygenin (Roche, Nutley, NJ). The following

cDNA fragments were used: for CCR1, 1–553 of NM_009912; for CCR2, 489-1336 of

U77349; for CCR2 3′ untranslated regions (3′ UTR), 1231–1850 of U56819; for CCR5, 45–

803 of AF022990; for CXCR3, 99–579 of NM_009910.1; for CXCR4, 1–774 of AF452185,

respectively. Sense and antisense probes were made for each of the receptors.

Probe specificity

Sequence homology as well as their close chromosomal proximity suggests that CCR2 and

CCR5 are closely related genes. Since the CCR2 and CCR5 probes used in this study for in

situ hybridization were selected from the open reading frame, they exhibited 86% sequence

identity at the nucleotide level, suggesting that some cross-hybridization of the probes is likely.

In order to examine the specificity of the probes used for the in situ hybridization studies, the

same probes were used for Northern blot hybridization. First, HEK293 cells were transfected

with a mouse CCR2 expressing vector and subjected to Northern blot analysis (see below). As

expected, a strong signal was detected when the CCR2 probe was used (Fig. 1, upper panel).

No significant signal was observed when using probes for CCR1, CXCR3, or CXCR4.
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Ribosomal RNAs were used as an internal control for equal loading (Fig. 1, lower panel) (U:

untransfected, C: CCR2-transfected). Each probe showed no significant sequence identity with

any other known gene when searched by BLAST, except for CCR2 and CCR5, whose sequence

identities are mentioned above. Thus, the CCR5 probe produced an appreciable signal.

Therefore, we cannot exclude the possibility that the in situ hybridization signal observed using

the CCR2 probe was contaminated by CCR5 mRNA and vice versa. Because of this potential

complication we also included experiments in which CCR2 was detected using a specific

antibody (Banisadr et al., 2005) as well as in situ hybridization experiments using a second

probe for CCR2 selected from 3′-untranslated region.

Northern blot analysis—Total RNA was extracted using the Trizol reagent (Invitrogen).

The RNA was dissolved in distilled water and denatured in 50% formamide, 6.2%

formaldehyde, 20 mM MOPS (3-[N-morpholino] propanesulfonic acid), 5 mM sodium acetate,

and 1 mM EDTA at 60°C for 5 minutes. Electrophoresis was performed at 100 V for 1.5 hours

in a 1.2% formaldehyde agarose gel. RNA was transferred to Nytran filter (Amersham,

Arlington Heights, IL) for 18 hours by capillary transfer. cDNA probes labeled with 32P-dCTP

(Amersham) were prepared by random labeling. Hybridization procedures were performed

using ExpressHyb hybridization solution (BD Biosciences, San Jose, CA) according to the

manufacturer’s instructions.

In situ hybridization

Adult male mice were killed by transcardial perfusion with 4% paraformaldehyde (PFA) in 1×

phosphate-buffered saline (PBS), pH 7.4. Brains were removed and postfixed overnight and

then equilibrated in 10% sucrose in PBS. The brains were then frozen by placing them in their

cutting mold on dry ice and covered with OCT cryosolution. Then 16-µm sections were

collected in the coronal plane on a cryostat and mounted onto Superfrost/Plus slides (Fisher

Scientific, Pittsburgh, PA). Slides were stored at −70°C. Prior to use, the slides were air-dried

for 1 hour at room temperature and then fixed in 4% PFA for 15 minutes and washed in PBS.

The slides were then incubated in proteinase K (1 µg/mL in PBS) at 37°C for 30 minutes and

postfixed again in 4% PFA for 20 minutes. Then they were acetylated for 10 minutes (2.7 mL

Triethanolamine [Fluka, Buchs, Switzerland], 196.5 mL H2O, 0.5 mL acetic anhydride, 375

mL HCl) and washed in PBS. The brain sections were then prehybridized (50% formamide,

5× SSC, 0.1% Tween 20, 500 µg/mL tRNA, 200 µg/mL acetylated BSA, 50 µg/mL heparin)

for 1 hour at 65°C, followed by hybridization that was conducted for 20 hours at 65°C using

the DIG-labeled probe (100 ng/mL). After hybridization, slides were washed 3 times with the

T solution (50% formamide, 2× SSC, 0.1% Tween 20) at 65°C for 20 minutes then washed 3

times with TBST (25 mM Tris-HCl, 136 mM NaCl, 2.68mM KCl, 1% Tween 20). Slides were

then incubated with 10% lamb serum in TBST for 1 hour and treated with anti-DIG antibody

followed by antibody detection according to the manufacturer’s protocol (Roche Applied

Science, Indianapolis, IN).

Fluorescence in situ hybridization (FISH)

This method is similar to the in situ hybridization protocol described above with the exception

that the probes used were not DIG-labeled. After hybridization the slides were washed twice

with preheated Solution T (50% formamide, 2× SSC, 0.1% Tween 20) and then washed with

TBST and blocked with 1% H2O2 in PBS for 30 minutes. The slides were then washed 2 times

with PBS and then blocked with blocking solution (100 mM Tris-HCl, 150 mM NaCl, 4% goat

serum, 0.1% Triton X100) for 1 hour at room temperature. Horseradish peroxidase (POD)-

conjugated sheep anti-digoxigenin (DIG) antibody (1:1,000 dilution) in blocking solution was

then added and incubated for 1 hour. Slides were washed 3 times with TBST and fluorescence

was developed using a TSA (Tyramide Signal Amplification) fluorescence procedure (Perkin

Elmer-NEN, Boston, MA). Sections were incubated in a 1:100 dilution of Cy5 conjugated
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Tyramide (Perkin Elmer-NEN) for 20 minutes at room temperature. After FISH, slides were

incubated with blocking solution for 1 hour and then primary antibody (1:1,000 dilution) was

added (anti-β-galactosidase or anti-GFP) and incubated at 4°C overnight. The slides were then

washed 3 times with TBST and incubated with the secondary antibody (rabbit conjugated

AlexaFluor 488, 1:500 dilution) for 1 hour. Slides were then washed 3 times with TBST and

mounted with Vectashield antifade solution. Slides were analyzed by confocal microscopy

(Olympus IX70). Image-acquisition software (Fluoview) and “Image J” were used for 3D

reconstruction of confocal z-stacks (usually three or four optical sections per micrometer of z-

distance) and to assess double labeling in cells depicted in xy-, xz-, and yz-planes. As control

for the specificity of in situ hybridization and TSA amplification, additional sections were

subjected to hybridization using sense probes for each receptor.

Immunohistochemical studies

All antibodies used in this study are described in Table 1. Astrocytes were identified with

mouse anti-glial fibrillary acidic protein (GFAP, 1:300). Progenitor cells were labeled with

mouse anti-nestin (1:300). Dividing cells were labeled with mouse anti-Ki67 (1:300). Newly

formed migrating neuroblasts were identified with guinea pig anti-doublecortin (1:300).

Granule cells were identified by rabbit anti-Prox-1 (1:1,000) and immature granule cells and

granule cell progenitors were labeled with mouse anti-polysialic acid NCAM (PSA-NCAM,

1:200). Goat anticalretinin (1:300) and rabbit anti-calbindin D 28k (1:300) were used to label

immature and mature granule cells, respectively. CCR2 receptors were labeled using rabbit

anti-CCR2 (1:300). We used goat antirabbit biotin conjugated secondary antibody (1:200,

Vector Laboratories, Burlingame, CA) for CCR2. The appropriate isotypespecific secondary

antibodies for other markers consisted of AlexaFluor 488- and AlexaFluor 633-conjugated

preparations (1:300; Molecular Probes, Eugene, OR).

Mice were anesthetized and perfused transcardially with cold PBS, followed by a freshly

prepared solution of 4% PFA in PBS, pH 7.4. The brains were rapidly removed and postfixed

overnight in 4% PFA at 4°C. Forty-micrometer thick coronal sections were cut with a vibratome

(Leica VT 1000S; Leica Microsystems, Deerfield, IL) and collected in cold PBS.

Two different immunohistochemical methods were used in this study. CCR2 staining was

performed as previously described (Banisadr et al., 2005). Briefly, free-floating sections were

pretreated for 20 minutes with 3% hydrogen peroxide in PBS to quench endogenous

peroxidase. They were then washed with PBS (3 × 10 minutes), preincubated for 90 minutes

at room temperature (25°C) in PBS containing 0.1% Triton X-100 and 6% normal goat serum.

Then sections were incubated overnight at 4°C, with the rabbit anti-CCR2 antibody at a final

dilution of 1:300. Antibody was diluted in PBS containing 2% normal goat serum and 0.1%

Triton X-100. After incubation sections were rinsed extensively (6 times, 10 minutes each)

with PBS and incubated for 90 minutes in a 1:100 dilution of biotin conjugated goat antirabbit

antibody (Vector) used against the CCR2 antibody. Then sections were washed with PBS (3

times, 10 minutes each). For signal amplification, a TSA fluorescence procedure (Perkin

Elmer-NEN) was used. Briefly, sections were incubated for 30 minutes in a 1:100 dilution of

streptavidin horseradish peroxidase-conjugated (Amersham Pharmacia Biotech). Then they

were washed extensively with PBS and incubated in a 1:50 dilution of Cy5 conjugated

Tyramide (Perkin Elmer-NEN) for 5 minutes. After washing, sections were mounted on slides,

mounted in Vectashield (Vector) and observed on a confocal microscope (Olympus IX70). In

order to identify the phenotype of neural progenitors, the aforementioned markers were used.

Free-floating sections were incubated in PBS containing 4% serum and 0.1% Triton for 90

minutes. They were then incubated with antibodies overnight at 4°C. All antibodies were

diluted in PBS containing 2% serum and 0.1% Triton. After incubation, sections were washed

with PBS and incubated with secondary antibodies for 90 minutes. Sections were then washed
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again, mounted on slides, and analyzed by confocal microscopy (Olympus IX70). Image-

acquisition software (Fluoview) was used. All captured images were exported to Adobe

Photoshop 7.0 (Adobe, San Jose, CA) and adjustments were made to the brightness and contrast

to reflect true colors as closely as possible.

In both approaches, the absence of cross-reactivity of the secondary antibodies as well as the

specificity of TSA staining was verified by omitting one or both primary antibodies during the

overnight incubation. Furthermore, in order to assess the performance of CCR2 antibody in

tissue sections, staining using this antibody was performed in sections obtained from CCR2

knockout mouse brain (Fife et al., 2000). Wildtype animals were used as controls.

Chemotaxis assay

For measurement of chemotaxis using neural progenitor cells, Dunn chambers were obtained

from Hawksley Technology (West Sussex, UK). Dunn chambers allow for the generation of

a stable chemotactic gradient and observation of cell migration in the context of this gradient

(Zicha et al., 1991). Neural progenitor cells were plated as single cells onto poly-D-lysine-

coated 15-mm glass coverslips and allowed to adhere in serum-free medium for 3 hours. Dunn

chambers were prepared by adding vacuum grease around the outer edge of the outer chamber.

As a control, neurobasal medium was added to the inner and outer chambers. To create a

chemokine gradient, neurobasal medium was added to the inner chamber and SDF-1/CXCL12,

MCP-1/CCL2 (monocyte chemoattractant protein-1), RANTES/CCL5 (regulated on

activation normal T cell-expressed and secreted), MCP-2/CCL8 (monocyte chemoattractant

protein-2) and IP-10/CXCL10 (interferon γ-inductible protein) (all 50 nM; R&D Systems,

Minneapolis, MN) were added to the outer chamber. After preparation of these chambers,

coverslips were washed twice with neurobasal medium, placed into the chambers with cells

facing down into the wells, and incubated at 37°C. Using an inverted microscope, the number

of cells were counted for eight fields each in the inner and outer chamber at the time points

indicated.

RESULTS

Expression of chemokine receptors in neurogenic areas of mouse brain

In order to examine the expression of chemokine receptors by neural stem/progenitor cells in

vivo we first performed in situ hybridization studies to localize chemokine receptor mRNA

expression in regions of the postnatal brain (5 weeks) where neurogenesis normally occurs.

We began with the CXCR4 receptor, which has been the most widely studied chemokine

receptor with respect to its role in the nervous system (Tran and Miller, 2003). CXCR4

signaling has been clearly shown to be important for the migration of neural progenitor cells

in several parts of the embryo (Zou et al., 1998; Lu et al., 2002; Stumm et al., 2003; Belmadani

et al., 2005) and neural progenitors cultured from adult brain express CXCR4 receptors (Tran

et al., 2004). We observed expression of CXCR4 mRNA in the dentate gyrus (DG), the

subventricular zone of the lateral ventricle (SVZ), and in the olfactory bulb (OB) (Fig. 2). In

the DG expression of CXCR4 mRNA was observed in the granule cell layer including the

subgranular zone (SGZ) between the granule cell layer and the hilus (Fig. 2C). In the SVZ

CXCR4 mRNA expression was observed in many cells surrounding the ventricle and in the

dorsolateral extension of the SVZ (Fig. 2B). The vast majority of the labeling was of ependymal

cells lining the ventricle. In the OB, CXCR4 mRNA expression was observed in the rostral

extent of the olfactory ventricle, which represents the termination of the rostral migratory

stream (RMS) along which progenitors migrate to the OB from the SVZ (Fig. 2A). In addition,

many cells in the granule cell and periglomerular cell layers also showed CXCR4 expression.

Some cells in the mitral cell layer were also stained. The pattern of CXCR4 expression is

consistent with the possibility that the receptor is expressed in neural progenitor cells in all of
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these regions of the brain, although it is also clearly expressed in cells other than progenitors,

as described in previous publications (Banisadr et al., 2002a; Stumm et al., 2002), an

observation which we shall discuss further below. No labeling was observed in sections

incubated with the sense probe (Fig. 2D–F) demonstrating the specificity of the labeling. The

procedure used to generate the images shown in Figure 2A–C was identical to that used to

generate the images in Figure 2D–F.

Previous studies have indicated that neural progenitors cultured from postnatal brains

expressed numerous chemokine receptors, in addition to CXCR4 (Ji et al., 2004; Krathwohl

and Kaiser, 2004; Tran et al., 2004; Widera et al., 2004). This might allow neural progenitors

to respond to different chemokines upregulated in the context of neuroinflammation in the

brain. We therefore also examined the expression patterns for several other receptors of interest

including the CCR1, CCR2, and CCR5 receptors for β chemokines (e.g., MIP-1 α, MCP-1,

and RANTES, respectively) and CXCR3 receptors for α chemokines (e.g., IP-10). The

chemokines that activate these receptors have been shown to be strongly upregulated in

numerous brain disorders (Huang et al., 2000). In each of these cases the staining pattern in all

three areas was very similar and was similar to that observed for CXCR4 receptors, consistent

with the possibility that they are all expressed in thesame population of cells (Fig. 3), as would

be predicted from our cell culture experiments (Tran et al., 2004).

Because of the potential cross-reactivity observed between probes for CCR2 and CCR5

receptors we performed additional in situ hybridization experiments using a second probe for

CCR2 (3′ UTR) (Fig. 3G–I). This probe was selected from 3′-untranslated region (3′-UTR),

because there was considerable sequence identity between coding regions of CCR2 and CCR5.

BLAST alignment showed no significant sequence identity of the new probe to any other

known genes. In situ hybridization using the two CCR2 probes showed the same expression

pattern (Fig. 3). We also confirmed the expression pattern of the CCR2 receptor using

immunohistochemistry employing a specific antibody against mouse CCR2 that has been

shown not to cross-react appreciably with CCR5 (Fig. 4) (Banisadr et al., 2005). The staining

pattern obtained was similar to that observed with the probe for CCR2 using in situ

hybridization, expression of the receptor being observed in all three areas of the brain examined.

CCR2 staining was not observed in brain tissue of CCR2 KO mouse confirming the specificity

of the antibody (Fig. 4D).

Expression of chemokine receptors by neural progenitor cells

In order to demonstrate that some of the cells expressing chemokine receptors in the areas

examined were neural progenitors we investigated the coexpression of chemokine receptors

with several neural progenitor markers. We selected the CXCR4 and CCR2 receptors for

further study owing to the fact that we envisage specific roles for these receptors in the functions

of neural progenitor cells (see Discussion). In order to perform colocalization studies we used

FISH for each chemokine receptor combined with fluorescent immunohistochemistry for each

progenitor cell marker. First, we compared the distribution patterns of chemokine receptor

expression using the FISH method with those obtained above. As can be observed in Figure

2G–I for CXCR4 receptors, in each case the same expression pattern was obtained using either

method. We then examined colocalization of chemokine receptor expression with 3 separate

markers, nestin, the TLX gene and the Ki67 protein. Nestin is an intermediate filament protein,

which is highly expressed in neural progenitor cells (Lendahl et al., 1990). TLX is a

transcription factor whose expression has been shown to be important for the proliferation of

adult neural progenitor cells (Shi et al., 2004). Ki67 is a protein whose expression is associated

with cell division and so is used as a marker for cell proliferation. Staining for Ki67 has been

used to identify dividing neural progenitor cells in the brain (Shi et al., 2004).
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Nestin/chemokine receptor coexpression

In order to examine the expression of nestin in the brain we used nestin-EGFP transgenic mice,

in which the expression of EGFP is driven by the well-characterized enhancer element

contained in the second intron of the rat nestin gene, which directs expression in CNS

progenitor cells (Yaworsky and Kappen, 1999). Chemokine receptors were localized using

FISH and nestin-expressing cells using immunohistochemistry for EGFP. Consistent with

other publications we observed EGFP-expressing cells in all three regions of the brain we

examined (Fig. 5) (Kronenberg et al., 2003; Mignone et al., 2004). In the DG, the EGFP-labeled

cells were of two distinct types (Fig. 5C,C′) (Filippov et al., 2003; Fukuda et al., 2003). One

type of cell resembled a radial-astrocyte with its cell body in the SGZ and a major extensively

tufted process extending into the granule cell layer (type 1 cells, arrowhead in Fig. 5C′). As

shown in Figure 5D–F′, these cells were also immunoreactive for GFAP (Garcia et al., 2004).

The second type of cell also had its cell body in the SGZ and sometimes had one or two small

processes running perpendicular to the granule cell layer (type 2 cells, arrow in Fig. 5C′). These

cells did not stain for GFAP. In the SVZ, EGFP-expressing cells were observed in the

subependymal zone around the lateral ventricle and in the dorsolateral extension of the SVZ

(Fig. 5B,B′). In the OB some EGFP-labeled cells were observed in the core of the OB, but

many EGFP-labeled cells were observed in the granule and periglomerular cells layers (Fig.

5A,A′). Cells expressing EGFP in these layers generally had the morphology of neurons, as

previously reported with other lines of nestin-EGFP mice (Beech et al., 2004). When we

performed colocalization studies using confocal microscopy, we found that CXCR4 was

coexpressed with cells that expressed EGFP in all of the areas examined (Fig. 6). In the DG

CXCR4 receptor expression was observed in EGFP-expressing cells with both morphologies

(i.e., type 1 and 2 cells). Overall, the extent of CXCR4 expression was clearly greater than that

of EGFP, suggesting that the receptor was also expressed in cells other than neural progenitor

cells such as granule neurons and hilar interneurons (Banisadr et al., 2002a; Stumm et al.,

2002). We shall discuss this further below. In the SVZ we observed colocalization of CXCR4

and nestin in numerous cells in all parts of the area, although here again the extent of CXCR4

expression was greater than that of EGFP. Similarly, in the OB CXCR4 was coexpressed with

nestin in all parts but, as in the case of the DG, was also observed in cells that did not express

nestin. We were interested to see whether some of the extensive chemokine receptor expression

in the OB was neuronal. We demonstrated that there was robust expression of CXCR4 in the

periglomerular layer (see also Stumm et al., 2002). Interneurons in this region are known to

express a variety of neurotransmitters, including GABA and DA (Kosaka et al., 1998). In order

to examine whether chemokine receptor expression occurred in interneurons we used GAD65-

EGFP transgenic mice together with FISH for chemokine receptor expression. We observed

numerous GAD65-expressing cells in the periglomerular layer, many of which also expressed

CXCR4 receptors (Fig. 7). In addition, there were also other periglomerular cells that expressed

CXCR4 but did not express GAD65. Thus, we conclude that CXCR4 is expressed by different

subtypes of periglomerular interneurons including GAD65 expressing cells, as well as

interneurons with other phenotypes.

We conducted a similar set of studies using the probe for the CCR2 receptor, which, as noted

above, may also detect expression of CCR5 receptors. In general we observed colocalization

of CCR2/CCR5 with nestin-EGFP-expressing cells in the different areas examined, but as with

CXCR4, the extent of CCR2/CCR5 expression was wider than that of EGFP (Fig. 8A–I). As

with CXCR4 in the DG, colocalization of CCR2/CCR5 with nestin-expressing cells of both

morphologies was noted. We also examined CCR2/nestin colocalization using

immunohistochemistry for CCR2. Here again, we determined that some cells in the SGZ

expressed both nestin and CCR2 (Fig. 8J–M).
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In summary, we observed that both CXCR4 and CCR2/ CCR5 receptors were frequently

coexpressed with nestin in all three areas of the brain examined, supporting the suggestion that

these receptors were expressed by neural progenitor cells in these areas. However, both

receptors were also clearly expressed by populations of cells in addition to neural progenitors.

TLX/chemokine receptor coexpression

The TLX gene has been reported to be expressed in adult neural progenitor cells, where it plays

a role in the maintenance of progenitor proliferation (Roy et al., 2004; Shi et al., 2004). In order

to examine the expression of TLX we used TLX-lacZ transgenic mice in which we localized

TLX by immunohistochemistry for lacZ (Shi et al., 2004). The expression pattern for TLX

revealed it to be present in all three areas examined, with a distribution suggesting its expression

in progenitor cells as well as other cell types (Fig. 9). In the DG TLX was expressed in the

SGZ and granule cell layers, in the SVZ it was expressed in numerous cells surrounding the

lateral ventricle. In the OB the most notable expression of TLX was in the core of the OB where

neural progenitor cells are known to reside (Liu and Martin, 2003). When we performed

colocalization studies for TLX together with FISH for CXCR4 (Fig. 9A–I) or CCR2/CCR5

(Fig. 9J–R) we clearly observed colocalization in populations of cells in all three areas. This

was particularly the case in the SGZ, the SVZ, and the core of the OB. In addition, there were

clearly cells in all three areas that expressed TLX without either chemokine receptor or each

chemokine receptor in the absence of TLX.

Ki67/chemokine receptor expression

We used Ki67 to label dividing cells in the DG, SVZ, and OB. As anticipated, we observed

populations of dividing cells in the SGZ at the interface between the granule cell layer and the

hilus, along the border of the SVZ, and in the core of the OB. Ki67 is a protein that is expressed

by dividing cells and it has been used to identify dividing progenitor cells in parts of the brain

(Shi et al., 2004). Here again, we performed colocalization studies using

immunohistochemistry for Ki67 together with FISH for CXCR4 (Fig. 10A–J) and CCR2/

CCR5 (Fig. 10K–N) receptors and observed colocalization of both chemokine receptors with

populations of Ki67-expressing cells in all three neurogenic regions of the brain.

CXCR4/SDF-1 expression patterns in the DG of EGFP BAC transgenic mice

In order to further confirm the expression of CXCR4 by neural progenitor cells in the

hippocampus, and to further determine the pattern of CXCR4 expression, we also used

CXCR4-EGFP BAC transgenic mice. Using these mice we first determined the expression

pattern of CXCR4 in the SGZ/DG at different postnatal ages (Fig. 11). As in the studies using

in situ hybridization, CXCR4-EGFP was expressed in the DG, especially at its innermost

aspect. The strength of EGFP expression tended to decrease in the outward layers of the granule

cell layer. Furthermore, the CXCR4-EGFP expression pattern became increasingly restricted

with age. Interestingly, CXCR4-EGFP was also highly expressed in a population of cells that

had the morphology and position of Cajal-Retzius cells, as previously noted in other studies

(Stumm et al., 2003). The cells in the DG that expressed CXCR4 had diverse morphologies.

Some of the cells resembled the two types of nestin-expressing cells discussed above. In

addition, another type of cell had a long process that extended into the molecular layer. These

cells had the morphology of immature granule neurons (Seri et al., 2004). In order to further

define the phenotypes of CXCR4-expressing cells in the granule cell layer, we performed

immunohistochemistry for nestin and other markers. As discussed above, some progenitor cells

in the SGZ can be characterized by their expression of nestin and GFAP. We therefore

examined whether any of the CXCR4-expressing cells also expressed these two markers. As

shown in Figure 12, we found that some CXCR4-expressing cells also expressed GFAP. This

was especially the case at earlier times, but even at 4 or more weeks of age cells with cell bodies
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in the SGZ that had radial-astrocyte like morphology extending long processes into the granule

cell layer expressed both GFAP and CXCR4 (Fig. 12I–L). Similarly, at 2 weeks numerous

cells that expressed nestin in their long radial-astrocyte like processes also expressed CXCR4

(Fig. 13D). By 4 weeks or more examples of this colocalization were less common but

colocalization was still observed in several cases (Fig. 13I–L).

We also examined the time-dependent expression of CXCR4 with other markers that have been

used to define the course of granule cell development in the DG. As demonstrated in Figure

14, there was clear colocalization of CXCR4-EGFP with Prox-1, a marker that is expressed

early in granule cell development, and which continues to be expressed by these cells (Lu et

al., 2002; Seri et al., 2004). At some stages there was also colocalization of CXCR4-EGFP

with the Ca binding protein calretinin, which is transiently expressed by young granule cells

during their development (Kempermann et al., 2004) (Fig. 15). Calretinin was also clearly

expressed by the CXCR4-EGFP-expressing cells that are probably Cajal-Retzius cells (Fig.

15B,E), in keeping with the known expression of this Ca binding protein in this cell population

(Berger and Alvarez, 1996). Interestingly, staining of granule cells for calbindin, which is

expressed in mature granule neurons following the downregulation of calretinin expression

(Kempermann et al., 2004), resulted in no colocalization with CXCR4, the two markers

forming separate nonover-lapping bands of expression in the granule cell layer (Fig. 16).

Doublecortin is a marker for newly formed migrating neuroblasts and has been localized to

cells of this type in the DG (Shapiro et al., 2005). We also observed colocalization of CXCR4

and doublecortin with a population of cells with the morphology of neuroblasts (Fig. 16).

The question also arises as to the localization of the chemokine SDF-1/CXCL12, the ligand

for the CXCR4 receptor in the postnatal DG. We therefore also examined the distribution of

SDF-1 using SDF-1-EGFP BAC transgenic mice. Over the same period of time as we had

observed CXCR4 expression in the DG, SDF-1-EGFP was also expressed by a population of

cells mostly at the inner aspect of the DG (Fig. 17). Many of these cells exhibited the

morphology of immature granule cells. Indeed, many were positive for PSA-NCAM or made

close contacts with PSA-NCAM expressing cells. PSA-NCAM is known to be expressed by

immature granule cells and granule cell progenitors (Kronenberg et al., 2003;Kempermann et

al., 2004;Seri et al., 2004). Figure 18 shows that CXCR4-EGFP was similarly colocalized to

a population of cells that expressed PSA-NCAM in the same general vicinity, suggesting that

the two populations of cells may interact (Seki et al., 2003;Seri et al., 2004;Shapiro et al.,

2005).

The results we have obtained using cell culture (Tran et al., 2004) and in situ hybridization

suggested that single neural progenitors express multiple chemokine receptors. We therefore

also examined the expression of CCR2 receptors by CXCR4-expressing cells in the DG using

immunohistochemistry and observed that there were cells with the morphology of neural

progenitors that expressed both receptors (Fig. 19).

Chemoattractant effects of chemokines on neural progenitor cells

The data described above suggests that chemokines acting at different chemokine receptors

should have functional effects on neural progenitor cells. We therefore examined the

chemoattractant effects of several chemokines on neural progenitor cells cultured from

postnatal subventricular zone and propagated in culture as neurospheres (Tran et al., 2004).

We used the chemokines SDF-1/CXCL12 (CXCR4-selective), IP-10/CXCL10 (CXCR3-

selective), RANTES/CCL5 (activates CCR5 and other CC receptors), and MCP-1/CCL2 and

MCP-2/CCL8 (CCR2-selective). Each of these chemokines was significantly chemottractant

for the neural progenitors (Fig. 20).
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DISCUSSION

Recent studies from several different laboratories have demonstrated that chemokines (Bajetto

et al., 2002; Banisadr et al., 2003; Cowell and Silverstein, 2003; Tran and Miller, 2003) and

their receptors (Banisadr et al., 2002a,b;2005; Stumm et al., 2002; Chalasani et al., 2003;

Cowell and Silverstein, 2003; Tran and Miller, 2003; Belmadani et al., 2005) exhibit a

widespread and previously unappreciated expression pattern in the central and peripheral

nervous systems. This suggests a number of roles for these molecules in the regulation of the

nervous system beyond any role they may play in the organization of neuroinflammatory

responses. Indeed, it is clear that the chemokine SDF-1 and its receptor CXCR4 play an

important role in the development of the nervous system and other tissues. In the nervous

system, SDF-1/CXCR4 signaling directs the migration of neural stem cells to a number of

different parts of the brain (Zou et al., 1998; Bagri et al., 2002; Lu et al., 2002; Stumm et al.,

2003) and the DRG (Belmadani et al., 2005) and also plays a role as an axonal guidance cue

(Xiang et al., 2002; Arakawa et al., 2003; Chalasani et al., 2003; Lieberam et al., 2005; Pujol

et al., 2005). It has also been demonstrated that neurospheres prepared from postnatal brains

express CXCR4 as well as other chemokine receptors (Lazarini et al., 2000; Stumm et al.,

2003; Ji et al., 2004; Peng et al., 2004; Tran et al., 2004) and that chemokines act as

chemoattractants for these cells (Pluchino et al., 2005; Tran et al., 2004, 2005; Widera et al.,

2004), suggesting that chemokine-mediated effects may also be important in the regulation of

adult progenitor cell migration. However, it is not known whether chemokine receptors are

normally expressed by neural progenitor cells in the postnatal brain. Thus, the origins of cells

that constitute neurospheres are uncertain. Although neural stem cells have been shown to

reside in neurogenic areas of the brain such as the DG (Seaberg and Van der Kooy, 2002), SVZ

(Doetsch et al., 1999), and OB (Liu and Martin, 2003), it also appears that further cells with

neurogenic potential exist in a dormant state in the parenchyma of the brain throughout the

neuraxis (Palmer et al., 1999). Furthermore, the properties of neural stem/progenitor cells

grown in cell culture may not be identical to those expressed in vivo (Gabay et al., 2003). Thus,

it is not clear what the normal relationship might be between the expression of chemokine

receptors by neurosphere cells and their expression pattern by neural progenitors in the brain.

The experiments reported here demonstrate that CXCR4 and other chemokine receptors are

expressed in all three areas of the brain examined, consistent with previous studies in the

literature (Banisadr et al., 2002a; Lu et al., 2002; Stumm et al., 2002). For example, CXCR4

is expressed in the DG, including the SGZ. Expression of CXCR4 is observed in granule cells

to an extent that varies according to their age and time of development. Expression of CXCR4

by hilar neurons and Cajal-Retzius cells has been previously reported (Stumm et al., 2002,

2003) as has its expression in circumventricular regions and in the OB (Banisadr et al.,

2002a; Stumm et al., 2002, 2003). It is clear from these studies and the results presented here

that although CXCR4 is expressed by neural progenitors in all of these areas its expression is

not restricted to these cells. Indeed, it is now clear that the SDF-1/CXCR4 system is widely

expressed by neurons throughout the nervous system and possibly by glial elements as well

(Banisadr et al., 2002a, 2003; Stumm et al., 2002; Tran and Miller, 2003; Dziembowska et al.,

2005). The patterns of expression of the other chemokine receptors in the areas we examined

are similar, consistent with previous findings that neural progenitor cells express numerous

different chemokine receptor types (Peng et al., 2004; Tran et al., 2004; Pluchino et al.,

2005). However, apart from CXCR4 there have been few large-scale anatomical studies on the

distribution of chemokine receptors in the brain. In addition to CXCR4, there has been interest

in the function of CCR5 in the nervous system owing to the fact that, like CXCR4, it acts as a

conduit for the effects of HIV-1. Although it is clear that leukocytes infiltrating into the brain

express CCR5, its expression pattern by neurons in nondisease states is unclear at this time

(Cowell et al., 2002). One study has demonstrated the expression of CCR1 receptors by

different cell types during the development of the cerebellum (Cowell and Silverstein, 2003).
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In the case of CCR2 receptors, recent data also appears to show the expression of the receptor

by different populations of neurons and other cell types throughout the brain (Banisadr et al.,

2002b, 2005). In particular, Van Gassen et al. (2005) demonstrated that cerebellar Purkinje

neurons expressed both CCR2 and its ligand, the chemokine MCP-1. Additionally, a number

of reports from the human neuropathology literature suggest the expression of a number of

chemokine receptors by neurons throughout the human brain in the context of diseases such

as Alzheimer’s, stroke, and HIV-1 infection (Bajetto et al., 2001, 2002; Kolson, 2002).

Our intention in this study was to demonstrate that neural progenitor cells were among the cell

populations that expressed chemokine receptors in vivo. Several studies have defined the

properties of neural stem cells in the DG, which continue to provide new granule cells

throughout life (Kempermann et al., 2004; Emsley et al., 2005). These cells originate as radial

astrocyte-like cells that give rise to progenitors in the SGZ through a process of asymmetric

division. These dividing progenitors proceed through diverse morphological stages of

development while “migrating” the short distance from the SGZ into the granule cell layer of

the DG (Kempermann et al., 2004; Li and Pleasure, 2005). The next stage of progenitor cell

development appears to be a cell type that is also labeled in nestin transgenic mice and that can

divide more rapidly prior to differentiating into immature granule cells (D cell or “transiently

amplifying cell”). The diverse morphologies of nestin-EGFP-expressing cells in the DG in our

experiments and those reported elsewhere are consistent with this view, and our results suggest

that CXCR4 and CCR2/CCR5 receptor expression is not specifically associated with any well-

defined stage of early DG development. CXCR4 seems to be expressed from very early times

in radial astrocyte-like cells up until the point that immature granule cells are formed. This is

indicated both by the colocalization observed in the in situ hybridization studies and also from

the characteristics of the different types of CXCR4-expressing cells observed in CXCR4-EGFP

mice. In the latter case we observed colocalization of CXCR4 expression with nestin and GFAP

in cells with radial astrocyte morphology. These observations are consistent with the view that

CXCR4 expression begins with radial astrocyte cells, the earliest cell type defined in

neurogenesis in the mature DG. CXCR4 seems also to be expressed by the “transiently

amplifying” cell type that seems to be derived from the radial astrocytes. Subsequently, the

populations of CXCR4-EGFP-expressing cells in the DG correspond to Prox-1, PSA-NCAM,

and calretinin, but not calbindin-expressing cells. Thus, it seems that CXCR4 expression is

downregulated to much lower levels prior to the ultimate maturation of granule cells, the stage

at which calbindin expression is apparent (Kempermann et al., 2004). SDF-1, the unique ligand

for CXCR4 receptors, is expressed by granule cells postnatally. These cells appear to include

the population of young PSA-NCAM-positive granule neurons. Several previous studies have

commented on the association of these PSA-NCAM-positive cells with neural progenitor cells

and other young granule neurons in the SGZ/DG (Seki, 2002a,b, 2003).Given the

chemoattractant role that SDF-1 plays for CXCR4-expressing progenitors during DG

development (Bagri et al., 2002; Lu et al., 2002), and its additional role as an axonal guidance

cue (Xiang et al., 2002; Arakawa et al., 2003; Chalasani et al., 2003; Pujol et al., 2005), it seems

reasonable to suggest that release of SDF-1 from young granule neurons may be involved in

guiding the migration and development of CXCR4-expressing progenitors and immature

granule cells as they move from the SGZ into the granule cell layer proper.

With respect to the SVZ and OB, we can similarly conclude that CXCR4 receptors are

expressed by populations of neural progenitors in these areas. The localization of neural

progenitors in the SVZ is also well established and, as in the DG, the pathway by which these

cells subsequently develop has been defined in detail (Alvarez-Buylla and Lim, 2004; Merkle

et al., 2004). Proliferating progenitors in this area give rise to migrating neuroblasts which, in

rodents at any rate, move along the RMS to the OB, where they develop into granule and

periglomerular neurons (Luskin, 1998; Sanai et al., 2004). The pattern of chemokine receptor

expression in the SVZ suggests that, as in the DG, neural progenitors may express chemokine
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receptors at several points in their development. The hypothesis that some chemokine receptor-

expressing cells in the SVZ are neural progenitors is again supported by the fact that some of

these cells express nestin, TLX, and Ki67. Interestingly, in the OB, although it is known that

cells in the rostral extent of the RMS in the core of the OB express nestin (Liu and Martin,

2003), it has been observed that only relatively few EGFP-expressing cells are observed there

in nestin-EGFP transgenic mice (Beech et al., 2004). This has also been our experience and

may be due to the control elements regulating tissue-specific nestin expression used to make

these mice. However, there are clearly cells expressing TLX and Ki67 in this region that also

express CXCR4 receptors. Furthermore, it has also been demonstrated that in nestin-EGFP

transgenic mice levels of EGFP are also high in granule and periglomerular cells, which

represent the progeny of neural progenitor cells migrating into the OB along the RMS (Beech

et al., 2004). It is clear that many of these cells also express CXCR4 receptors (Stumm et al.,

2002). As we also demonstrate, the population of chemokine receptor-expressing cells in the

periglomerular layer includes GABAergic neurons, although neurons with other phenotypes

seem to be labeled as well (Mugnaini and Oertel, 1985). Our data also indicate that neural

progenitor cells in the SVZ/OB express chemokine receptors in addition to CXCR4. First, the

expression patterns of many of these receptors in the areas examined are similar. In the case

of the CCR2 receptor, which we studied further, both in situ and immunohistochemical data

indicate that these receptors are expressed by progenitor cells. As with CXCR4, we observed

colocalization of CCR2 with the same progenitor cell markers, nestin, Ki67, and TLX.

Furthermore, we also observed that CCR2 receptors were expressed in the same cells as

CXCR4 when we examined this question using CXCR4-EGFP mice. In summary, we can say

that the expression patterns for different chemokine receptors support the possibility that they

are expressed by neural progenitor cells and that the same progenitor cell may express more

than one receptor type.

The question arises as to the purpose of chemokine expression by neural progenitors in the

postnatal brain. We suggest that there may be two functions. In the case of CXCR4 receptors,

it is possible that they play a similar role to that demonstrated during development where they

regulate the migration of progenitors during normal adult neurogenesis. The close juxtaposition

of SDF-1 and CXCR4 expression in the DG suggests this possibility. Thus, SDF-1/CXCR4

signaling may be important in the early phases of DG neurogenesis in the mature brain,

recapitulating its role in the embryo. Much less is known concerning a possible role for CXCR4

or other chemokine receptors in normal neurogenesis in the OB. Although SVZ progenitors

seem to express CXCR4 receptors and SDF-1 is expressed in the OB (Stumm et al., 2002;

Banisadr and Miller, unpubl. obs.), it is not known whether the chemoattractant effects of

SDF-1 are necessary for the migration of progenitors in the RMS. Indeed, the issue as to

whether the OB utilizes a diffusible chemoattractant of this type or whether migration in the

RMS is all of the “chain migration” type is not settled (Lois et al., 1996; Liu and Rao, 2003;

Ng et al., 2005).

It is also possible that neural progenitors may need to respond to chemokines under pathological

circumstances. In particular, it is quite possible that chemokines are involved in guiding neural

progenitors to sites of brain damage. Such directed migration of progenitors has been a

commonly observed phenomenon. It has been shown that endogenous or transplanted

progenitors will migrate toward focal or diffuse areas of brain damage or demyelination,

although the mechanisms responsible for this directed migration are unknown (Fricker et al.,

1999; Aboody et al., 2000; Arvidsson et al., 2002; Ben-Hur et al., 2003; Parent, 2003; Pluchino

et al., 2003, 2005; Zhang et al., 2003, 2004a,b; Glass et al., 2005). As chemokine synthesis is

greatly upregulated in these areas, it seems reasonable to speculate that chemokines regulate

the observed progenitor cell migration. Indeed, it is well established that neuroinflammatory

responses that accompany brain infection, trauma, demyelination, or neurodegeneration

involve the activation of astrocytes and microglia and the synthesis of many cytokines and
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chemokines (Huang et al., 2000; Cartier et al., 2005). Indeed, activated microglia have been

shown to secrete factors that are attractive to neural progenitor cells (Aarum et al., 2003),

although the identity of these factors has not been established. Furthermore, three recent studies

have demonstrated that neural progenitors that express CXCR4 receptors migrate toward

localized brain lesions and that interference with CXCR4 signaling inhibits this response

(Imitola et al., 2004; Kelly et al., 2004; Robin et al., 2005). Thus, just as in the regulation of

neurogenesis, SDF-1 may act as a chemoattractant in these cases. In general, however, SDF-1

is not the chemokine that exhibits the greatest degree of upregulation under these

circumstances. More frequently, chemokines such as MCP-1, IP-10, RANTES, and MIP-1α
are associated with neuroinflammatory responses (Huang et al., 2000; Ambrosini and Aloisi,

2004; Cartier et al., 2005). Thus, there are numerous studies demonstrating that the

neuroinflammatory response of the brain involves upregulation of MCP-1 in particular, with

most of the chemokine synthesis coming from activated microglia and astrocytes (Mahad and

Ransohoff, 2003). MCP-1 and other upregulated chemokines activate CCR2, CXCR3, and

CCR1/CCR5 receptors, which we have shown, are normally expressed by neural progenitor

cells. We and others have demonstrated that these chemokines, in addition to SDF-1, can act

as chemoattractants for neural progenitors using cell culture assays (Tran et al., 2004; Widera

et al., 2004; Pluchino et al., 2005). Furthermore, upregulation of MCP-1 synthesis has been

shown to be important for the trafficking of leukocytes into the brain as part of the

neuroinflammatory response (Babcock et al., 2003).

Thus, it is likely that chemokines such as MCP-1 that are upregulated in the compromised brain

can act to guide neural progenitors to sites of injury for attempted repair purposes. Indeed, the

expression of multiple types of chemokine receptors by neural progenitors will provide them

with the flexibility to respond to numerous chemokines whose synthesis may be differentially

regulated under different circumstances. It is interesting that the overall effect of the

neuroinflammatory milieu on neurogenesis in the brain may be multifaceted. Chemokines may

attract neural progenitor cells to these areas where they may develop into progeny that are

appropriate for repair purposes. Thus, the migration and development of neural progenitors

into neurons in models of stroke (Kokaia and Lindvall, 2003; Zhang et al., 2003, 2004a,b) and

into oligodendrocytes in models of demyelination (Ben-Hur et al., 2003; Pluchino et al.,

2003, 2005) have been demonstrated in several studies. On the other hand, many progenitor

cells that migrate in the diseased brain fail to differentiate into the appropriate progeny owing

to the production of cytokines such as IL-6 at neuroinflammatory sites that direct progenitors

to become astrocytes, or other factors that lead to progenitor cell death (Ekdahl et al., 2003;

Monje et al., 2003). Clearly, therefore, the interface between neurogenesis and

neuroinflammation in the brain is a highly complex one.

In summary, the present studies demonstrate that chemokine receptors are expressed in the

brain by cells with the characteristics of neural progenitor cells. This receptor expression may

allow these cells to participate in chemokine-directed migration in the context of normal

neurogenesis and also in the context of brain repair.
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Fig. 1.

Specificity of probes used for in situ hybridization experiments. HEK293 cells were transfected

with a mouse CCR2 expressing vector and subjected to Northern blot analysis. A strong signal

was detected when the CCR2 in situ probe was used (upper panel). No significant signal was

detected with the CCR1, CXCR3, and CXCR4 probes. The CCR5 probe generated an

appreciable signal. Ribosomal RNAs were used as an internal control for equal loading (lower

panel). U, untransfected; C, CCR2-transfected.
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Fig. 2.

Expression pattern for CXCR4 mRNA expression in neurogenic regions of mouse brain. In

situ hybridization was performed with a probe specific for CXCR4, using digoxygenin (DIG)

labeling (A–F) and fluorescence in situ hybridization (FISH) (G–I) methods. CXCR4 mRNA

was expressed in the olfactory bulb (OB), subventricular zone (SVZ), and dentate gyrus (DG)

of 5-week-old mouse brain. A: In the OB, CXCR4 mRNA was expressed in the rostral extent

of the olfactory ventricle, as well as in the granule, periglomerular, and mitral cell layers. B:

In the SVZ, CXCR4 mRNA expression was observed in cells surrounding the ventricle and in

the dorsolateral extension of the SVZ. C: In the DG, CXCR4 mRNA was expressed in the

granule cell layer including the subgranular zone (SGZ). D–F: In situ hybridization performed

using a CXCR4 sense probe to test the specificity of the probe. G–I: CXCR4 mRNA expression

patterns obtained by FISH. Comparison of the two methods shows that in each case the

expression pattern was the same, thereby validating this fluorescent method of detection. Scale

bars = 100 µm.
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Fig. 3.

Expression patterns for chemokine receptors in neurogenic regions of mouse brain. A–C: The

expression of CCR2 mRNA in the OB, SVZ, and DG, respectively, obtained by in situ

hybridization using a probe for CCR2. D–F: In situ hybridization performed using a CCR2

sense probe to test the specificity of the probe. Because of potential crossreactivity of the CCR2

probe with CCR5 (see Fig. 1), we performed additional in situ hybridization experiments using

a probe for CCR2 taken from the 3′ UTR. In situ hybridization using this probe showed the

same expression pattern (G–I). In situ hybridization was also performed using antisense probes

for CCR1 (J–L), CCR5 (M–O), and CXCR3 (P–R) chemokine receptors. Experiments were
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carried out on sections obtained from the OB, SVZ, and DG using antisense probes for each

chemokine receptor. Scale bars = 100 µm.
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Fig. 4.

Expression pattern for CCR2 receptors in neurogenic regions of the mouse brain.

Immunohistochemistry was carried out on free-floating sections obtained from adult (5-week-

old) mouse brain using a CCR2 antibody. A: In the olfactory bulb (OB), CCR2-

immunoreactive cells were detected in the core as well as the glomerular layer (GI), mitral cell

layer (Mi), and granular cell layer (Gr). B: In the subventricular zone (SVZ), CCR2 labeling

was observed in cells surrounding the lateral ventricle and in the dorsolateral extension of the

SVZ. C: In the dentate gyrus (DG), CCR2-immunopositive cells were localized in the granule

cell layer (Gr) as well as in the hilus. D: Lack of CCR2 staining in sections from the dentate

gyrus of CCR2 KO mice demonstrated the specificity of the CCR2 antibody. Scale bars = 100

µm.

Tran et al. Page 25

J Comp Neurol. Author manuscript; available in PMC 2009 October 7.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



Fig. 5.

Distribution pattern of EGFP-expressing cells in neurogenic regions of a 5-week-old nestin-

EGFP transgenic mouse brain. EGFP is expressed under a neurally specific enhancer region

of the nestin promoter (Yaworsky and Kappen, 1999). A,A’: Expression of nestin-EGFP

transgene in the olfactory bulb (OB). Nestin-EGFP is expressed primarily in the rostral extent

of the olfactory ventricle as well as in the granule (Gr) and periglomerular (GI) cell layers.

B,B’: Expression of nestin-EGFP in the subventricular zone (SVZ). EGFP is expressed by

ependymal cells and cells in the dorsal-lateral extension of the SVZ. C,C’: Expression of

nestin-EGFP in the dentate gyrus (DG). EGFP is expressed in a class of cells (type 1, arrowhead

in C’) whose cell bodies are localized in the subgranular cell layer and they extend their radial
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projections out toward the molecular layer as well as other cells, which extend one or two

processes perpendicular to the granule cell layer (type 2 cells, arrow in C’). D–F: Nestin-EGFP

type 1 cells (green) express the astrocytic marker GFAP (red) (arrowheads). F’: The

colocalization of nestin-EGFP and GFAP at higher magnification. Scale bars = 100 µm in A–

C; 50 µm in A’–C’,F,F’.
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Fig. 6.

Colocalization of CXCR4 and EGFP in neurogenic regions of 5-week-old nestin-EGFP

transgenic mouse brain. FISH was performed using a CXCR4 antisense probe in conjunction

with immunostaining with a GFP antibody. A–C: In the olfactory bulb (OB), most of the EGFP-

expressing cells also expressed CXCR4. D–F: In the subventricular zone (SVZ), virtually all

the nestin-expressing cells coexpressed CXCR4. G–I: In the dentate gyrus (DG), both

populations of nestin-expressing cells (types 1 and 2) expressed CXCR4. Insert in I shows

higher magnification of CXCR4 and nestin-EGFP colocalization in the DG. Scale bars = 100

µm.
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Fig. 7.

Colocalization of CXCR4 and GAD65 in the olfactory bulb (OB) of 5-week-old GAD65-EGFP

transgenic mouse brain. FISH was performed using a CXCR4 antisense probe in conjunction

with immunostaining with a GFP antibody. I: An xy-projection of a z-stack, GAD65 (E) in

green and CXCR4 (J) in red, in cells of the periglomerular layer of the olfactory bulb.

Colocalization of CXCR4 and GAD65 is highlighted by a rectangle and was confirmed by 3D

reconstitution (A). The top and left panels display the reconstructed view in the z-dimension.

Left panels (F–H) illustrate xz plane and top panels (B–D) show the yz plane. Both xz- and

yz-reconstructions are also displayed in split channel mode to allow further assessment of the
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double labeling. In addition, there were also periglomerular cells that expressed CXCR4 but

did not express GAD65. Scale bar = 100 µm.
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Fig. 8.

Colocalization of CCR2 and EGFP in neurogenic regions of 5-week-old nestin-EGFP

transgenic mouse brain. A–I: FISH was performed using a CCR2 antisense probe in

conjunction with immuno-staining with a GFP antibody. A–C: In the olfactory bulb (OB), most

of the EGFP-expressing cells also expressed CCR2. D–F: In the subventricular zone (SVZ),

virtually all the EGFP-expressing cells coexpressed CCR2. G–I: In the dentate gyrus (DG),

EGFP-expressing cells expressed CCR2, CCR2 expression being more apparent in nonradial

astrocyte-like cells. J–M: Immunohistochemistry was carried out on free-floating sections

obtained from nestin-EGFP mouse brain using CCR2 antibody. In the DG, CCR2-

immunoreactive cells (red) colocalized with type 2 nestin-EGFP cells (green). M: The CCR2
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expression by nestin-EGFP cells at higher magnification (arrowhead). Scale bars = 100 µm in

A–I; 50 µm in J–M.
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Fig. 9.

Colocalization of CXCR4 or CCR2 with TLX expression in neurogenic regions of TLX-LacZ

transgenic mouse brain (16 days). FISH was performed using CXCR4 or CCR2 antisense

probes in conjunction with immunostaining with β-gal antibody. Both CXCR4 and CCR2/

CCR5 expression colocalized with TLX in the olfactory ventricle (arrowheads in C and L,

respectively) of the olfactory bulb (OB) (CXCR4: A–C, CCR2: J–L), in the subventricular

zone (SVZ) (arrowheads in F and O) (CXCR4: D–F, CCR2: M–O), and in the subgranular

zone (arrowheads in Iand R) of the dentate gyrus (DG) (CXCR4: G–I, CCR2: P–R). Scale

bars = 100 µm.
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Fig. 10.

Colocalization of CXCR4 (A–J) or CCR2 (K–N) expression with Ki67 in neurogenic regions

of 5-week-old mouse brain. FISH was performed using CXCR4 or CCR2 antisense probes in

conjunction with immunostaining with a Ki67 antibody. Both CXCR4 and CCR2/ CCR5

colocalized with Ki67 in the olfactory ventricle (arrowheads in picture obtained at higher

magnification, D: CXCR4, L: CCR2) of the olfactory bulb (OB), in the subventricular zone

(SVZ) (arrowheads in G: CXCR4 and M: CCR2), and in the subgranular zone (arrowheads in

J: CXCR4 and N: CCR2) of the dentate gyrus (DG). The right panels inserted in G shows the

colocalization of CXCR4 and Ki67 at higher magnification in the SVZ. The panel at the left

corner shows a xy-projection of a z-stack, Ki67 in green and CXCR4 in red. Colocalization of
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CXCR4 and Ki67 was confirmed by 3D reconstitution. Left and bottom panels illustrate the

reconstructed view in xz plane and top and right panels show the yz plane. Both xz- and yz-

reconstructions are also displayed in split channel mode to allow further assessment of the

double labeling. Scale bars = 100 µm.
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Fig. 11.

Heterogeneity of EGFP-expressing cells in the dentate gyrus of CXCR4-EGFP BAC transgenic

mice during postnatal development. EGFP is expressed in the DG as well as in a population

of cells with the position and morphology of Cajal-Retzius cells. At 1 (A) and 2 (B) weeks,

CXCR4 is expressed throughout the entire DG, more numerous cells being observed in the

inner layer of the granular layer as well as in the SGZ. During development, the concentration

of EGFP-expressing cells decreased in the outermost parts of the granule cell layer. At 3–5

weeks (C–F), CXCR4-EGFP-expressing cells are more localized to the SGZ and internal

aspects of the granule cell layer. F: The expression pattern of CXCR4-EGFP cells in Cajal-

Retzius cells. At 6 weeks (G,H), CXCR4 is expressed mainly in immature granule cells. In

addition, it is also expressed in some neural progenitors (type 2 cells, insert in H) and radial

astrocyte-like cells (type 1 cells) localized in the SGZ and extending long processes into the

granular cell layer, as shown at higher magnification in H. At 3 months (I), the expression of

CXCR4 is more restricted. Scale bars = 200 µm in A,B; 100 µm in C,D; 50 µm in E,F,G,I; 20

µm in H.
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Fig. 12.

Colocalization of GFAP and CXCR4-EGFP-expressing cells in the dentate gyrus.

Immunohistochemistry was carried out on free-floating sections using a GFAP antibody. The

overlap of CXCR4-EGFP cells (green) and Alexa 633-labeled GFAP cells (red) shows that at

2 (A–D), 3 (E–H), and 4 (I–L) weeks, some of the CXCR4-EGFP cells expressed the astrocytic

marker GFAP (arrowheads in D,H,L). Coexpression was more frequent at earlier times but

even at 4 weeks several cells in the SGZ that had radial-astrocyte-like morphology express

both CXCR4 (green) and GFAP (red) (L). Arrows illustrate cells that express CXCR4 that do

not colocalize with GFAP (L). Scale bars = 50 µm.

Tran et al. Page 37

J Comp Neurol. Author manuscript; available in PMC 2009 October 7.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



Fig. 13.

Colocalization of nestin and CXCR4-EGFP-expressing cells in the dentate gyrus.

Immunohistochemistry was carried out on free-floating sections using a nestin antibody. At 2

weeks (A–D), numerous cells that expressed CXCR4 (green, A) also expressed nestin (red, B)

in their long radial-astrocyte-like processes (arrowheads in D). The overlap of CXCR4-EGFP

cells (green) and nestin-positive cells (red) shows that at 3 (E–H) and 4 (I–L) weeks, the

coexpression decreased but is still observed in some cases (arrowheads in H,L). Scale bars =

50 µm.
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Fig. 14.

Colocalization of CXCR4 and the granule cell marker Prox-1 in the dentate gyrus (DG) of

CXCR4-EGFP transgenic mice at different ages. Immunostaining was performed on free-

floating sections using an antibody against Prox-1. At 2 weeks (A–C), many cells in the SGZ

coexpressed CXCR4 (green, A) and Prox-1 (red, B) (arrowheads in C). At 4 weeks (D–F) a

smaller number of CXCR4-EGFP cells also expressed Prox-1 (arrowheads in F). Scale bars =

50 µm.
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Fig. 15.

Colocalization of CXCR4 and calretinin in the dentate gyrus (DG) of CXCR4-EGFP transgenic

mice at different ages. Immunostaining was carried out on free-floating sections using an

antibody against calretinin. At 2 (A–C) and 3 (D,E) weeks, some cells in the granule cell layer

as well as many Cajal-Retzius cells (arrowheads in B,E) coexpressed CXCR4 (green) and

calretinin (red). Coexpression was mainly observed in the cell bodies and, to a lesser extent,

in proximal processes. At 4 weeks there was very little coexpression of CXCR4 and calretinin,

as shown by the merged pictures (F,G). Scale bars = 50 µm.
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Fig. 16.

Colocalization of CXCR4 and doublecortin (DCX) and lack of colocalization of CXCR4 and

calbindin in the dentate gyrus of CXCR4-EGFP transgenic mice at different ages.

Immunostaining was carried out on free-floating sections using calbindin and DCX antibodies.

Calbindin expression was observed extensively in the granule cell layer, particularly its outer

aspect (red), while CXCR4 (green) was expressed by cells in the subgranular zone and

primarily in the interior part of the granule cell layer representing immature granule cells. Thus,

as shown by the overlap, at 2 (A), 3 (D), and 4 (G) weeks, there was little coexpression of

CXCR4 and calbindin at any stage. At 2 (B,C) and 3 (E,F) weeks, some cells resembling

neuroblasts coexpressed CXCR4 (green) and DCX (red) (arrowheads in C,F), although at 3
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weeks there were more cells that showed this colocalization. At 4 weeks (H,I), fewer cells

showed colocalization between CXCR4 and DCX (arrowhead in I). Scale bars = 50 µm.
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Fig. 17.

Colocalization of SDF-1 and PSA-NCAM in the dentate gyrus of SDF-1-EGFP transgenic

mice at different ages. Immunostaining was carried out on free-floating sections with an

antibody against PSA-NCAM. At 2 weeks (A–D), only a few SDF-1-EGFP cells (green)

colocalized with the early neuronal marker PSA-NCAM (red) in the dentate gyrus (DG). C:

The overlap of SDF-1-EGFP expression and PSA-NCAM labeling. Arrowheads in D show

cells that coexpress SDF-1-EGFP and PSA-NCAM. At 3 (E–H) and 4 (I–L) weeks, numerous

cells showed coexpression of SDF-1 and PSA-NCAM (arrowheads in H,L). As shown at higher

magnification in inserts in H and L, SDF-1-EGFP cells expressed PSA-NCAM at the cell

periphery. Scale bars = 50 µm.
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Fig. 18.

Colocalization of CXCR4 and PSA-NCAM in the dentate gyrus (DG) of CXCR4-EGFP

transgenic mice at different ages. Immunostaining was performed on free-floating sections

using an antibody against PSA-NCAM. At 2 weeks (A–D), there was little colocalization of

CXCR4 (green) and Alexa 633-labeled PSA-NCAM (red) as shown by the merged picture (C)

and picture obtained at higher magnification (D). At 3 weeks (E–H), some cells in the

subgranular zone (SGZ) show coexpression of CXCR4 and PSA-NCAM (arrowhead in H).

Insert in H shows the cellular localization of CXCR4-EGFP and PSANCAM in cells of the

DG. As shown in this picture obtained at higher magnification, PSA-NCAM is expressed at

the periphery of CXCR4- EGFP-expressing cell. This coexpression increased over time; thus,

at 4 weeks (I–L), more cells coexpressed CXCR4-EGFP and PSA-NCAM (arrowheads in L).

As shown at higher magnification in the insert in L, CXCR4-EGFP cells expressed PSA-

NCAM at the periphery of the cell. Scale bars = 50 µm.
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Fig. 19.

Colocalization of CXCR4 and CCR2 in the subgranular zone (SGZ) of the dentate gyrus.

Immunohistochemistry was performed on free-floating sections of CXCR4-EGFP mouse brain

using CCR2 antibody. CXCR4-EGFP (A) colocalized with CCR2 (B) in cells with the

morphology of neural progenitor cells as shown by the overlap (C). Inserts in C show the

colocalization of CXCR4 and CCR2 at higher magnification. Scale bars = 50 µm.
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Fig. 20.

Chemoattractant effects of different chemokines on neural progenitor cells isolated from

postnatal mouse brain. Chemotaxis assays were performed using Dunn chambers (see

Materials and Methods). A: SDF-1, RANTES, MCP-1, MCP-2, and IP-10 exhibited time-

dependent chemoattractant effects on postnatal progenitor cells. B: Graph shows the average

responses to the chemokines tested (t-test, *P < 0.05, n = 7).
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