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The prototypic migratory trail of tissue-resident
dendritic cells (DCs) is via lymphatic drainage.
Since the central nervous system (CNS) lacks clas-
sical lymphatic vessels , and antigens and cells in-
jected into both the CNS and cerebrospinal fluid
have been found in deep cervical lymph nodes , it
was thought that CNS-derived DCs exclusively used
the cerebrospinal fluid pathway to exit from tis-
sues. It has become evident , however , that DCs
found in peripheral organs can also leave tissues
via the blood stream. To study whether DCs derived
from microglia and bone marrow can also use this
route of emigration from the CNS, we performed a
series of experiments in which we injected geneti-
cally labeled DCs into the striata of rats. We show
here that these cells migrated from the injection
site to the perivascular space, integrated into the
endothelial lining of the CNS vasculature , and were
then present in the lumen of CNS blood vessels days
after the injection. Moreover , we also found these
cells in both mesenteric lymph nodes and spleens.
Hence, microglia- and bone marrow-derived DCs
can leave the CNS via the blood stream. (Am J Pathol
2008, 173:1669–1681; DOI: 10.2353/ajpath.2008.080234)

In the intact central nervous system (CNS), dendritic
cells (DCs) are contained within the meningeal and

perivascular DC network, but not in the parenchyma
proper.1,2 Under pathological conditions like inflamma-
tion,3 degeneration,4 infection,5 and ischemia,6 these
cells increase in numbers, mostly by immigration from
the peripheral immune system, but also by differentia-
tion of parenchymal microglial cells.6,7 While there is
ample information available about the recruitment of
dendritic cells to the CNS and about their possible
contribution to the exacerbation7–9 or attenuation6 of
local immune responses, little is known about the exit
of DCs from the CNS. Since brain and spinal cord lack
lymphatic vessels, DCs cannot leave these organs us-
ing lymphatic drainage pathways.10 As an alternative,
emigration via cerebrospinal/interstitial fluid to deep
cervical lymph nodes has been suggested.11,12 Re-
cently, however, it became evident that DCs found in
peripheral organs can also leave their tissue via the
blood stream and enter the spleen or lymph
nodes.13–21 These observations raised the questions
as to whether brain-derived DCs can also leave the
brain via the blood stream and whether they can mi-
grate to peripheral lymphatic tissues. In the present
study we conceived a series of experiments to specif-
ically address these questions, and we show that mi-
croglia- and bone marrow-derived DCs can leave the
CNS via the blood stream and home to mesenteric
lymph nodes and spleen.
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Materials and Methods

Animals

Lewis rats, green fluorescent protein (GFP)-transgenic
Lewis rats (� sixth back-cross generation of the GFP
transgene onto the Lewis rat background) and Sprague-
Dawley rats were used throughout this study. They were
bred at the Decentral Facilities of the Institute for Biomed-
ical Research (Medical University Vienna).

Microglial Cultures

Microglial cultures were established essentially as de-
scribed.22 Briefly, 0 to 1 day old GFP-transgenic and
wild-type Lewis rats were sacrificed and their brains dis-
sected. For each culture, the brains of 8 to 12 rats were
dissociated in 2 to 3 ml of 1� trypsin. The resulting single
cell suspensions were cultured for 5 to 7 days in poly-L-
lysine-coated culture dishes, using RPMI 1640/10% fetal
calf serum, and changing the medium every other day.
After this time period, the mixed glial cell cultures con-
sisted of a monolayer of astrocytes and some fibroblasts.
On top of this monolayer, ramified microglial cells and
glial progenitor cells were found. These cells were only
loosely adherent. They were detached by shaking con-
fluent mixed glial cultures for 12 to 15 hours (180 rpm,
37°C) and then plated for 5 to 10 minutes onto fresh,
uncoated culture dishes. This led to the selective adher-
ence of microglial cells, which were now no longer ram-
ified, but had an amoeboid, macrophage-like phenotype.
All other glial cells could not adhere and were removed
by subsequent, vigorous washing in PBS. The resulting
microglial cultures routinely had a purity of �99%. On
average, 2 to 3 shake-offs, separated by 3 to 5 days,
could be prepared from each mixed glial culture. For our
studies, cells of the first through third shake-off were
used.

Differentiation of Microglial Cells along the DC
Lineage

Microglial cultures were supplemented with 10 ng/ml
each of recombinant rat granulocyte/monocyte colony
stimulating factor (GM-CSF) and recombinant rat inter-
leukin 4 (IL-4; all RnD Systems, Wiesbaden, Germany).
Treatment of microglial cells with these factors changed
the morphology of the microglial cells to a spindle-
shaped phenotype. After 7 to 13 days of culture, micDCs
detached from the adherent cell layer and were har-
vested from the supernatant of these cultures.

Discrimination between Cells Derived from the
Microglia or the Meningeal/Perivascular Cell
Pool with Bone Marrow Chimeric Rats

Four to eight-week-old Lewis rats were irradiated (10
Gray) and immediately afterward injected i.p. with bone
marrow cells derived from GFP-transgenic Lewis rats. For

microglial cultures, these chimeric animals were sacri-
ficed 4 to 15 months after bone marrow transfer. At the
same time point, blood was taken to determine the de-
gree of chimerism (� percentage of GFP-labeled white
blood cells in the total white blood cell pool). The result-
ing microglial cells were then differentiated with GM-CSF/
IL-4, and the percentage of GFP� micDCs in the cell
population with a morphological DC phenotype was de-
termined by two different observers. One of these observ-
ers was blinded to the experiment.

Differentiation of Bone Marrow Cells along the
DC Lineage

Bone marrow derived-DCs (bmDCs) were essentially
generated as described,23 using RPMI 1640/fetal calf
serum containing 10 ng/ml each of recombinant rat GM-
CSF and recombinant IL-4. BmDCs were harvested from
these cultures after 7 to 13 days.

Characterization of MicDCs and BmDCs

Analysis of Surface Marker Expression by Flow
Cytometry

For staining, the cells were incubated for 30 minutes at
4°C with antibodies against rat MHC class I (OX18), MHC
class II (OX6), CD11b (OX42), CD11c, CD80 (B7.1),
CD86 (B7.2), CD54 (intercellular adhesion molecule-1
[ICAM-1]), CD8� (OX8), CD4 (W3/25), and OX62 antigen
(all from Serotec, Düsseldorf, Germany), diluted 1:100 in
stain buffer (BD Pharmingen, San Diego, CA). Isotype
matched control antibodies, mouse IgG1 and IgG2a
(both from Dako, Glostrup, Denmark) were used. The
cells were washed in stain buffer and incubated for 30
minutes at 4°C with polyclonal goat anti-mouse IgG-FITC
(F[ab�]2, Dako, for wild-type cells) or polyclonal goat-
anti-mouse IgG-RPE (F[ab�]2, Dako, for GFP-transgenic
cells).

Analysis of Antigen Capture

MicDCs and bmDCs were cultured for 30 minutes in the
presence of 100 �g/ml fluorescein isothiocyanate (FITC)-
dextran or 0.2 �g/ml FITC-bovine serum albumin [BSA]
(both from Sigma, Vienna, Austria), or 100 �g/ml fluores-
cein-conjugated E. coli K12 bioparticles (FITC-K12; Mo-
lecular Probes/Invitrogen, Glasgow, Scotland, UK). One
aliquot of these cells was incubated at 4°C (control, to
reveal unspecific binding of FITC-dextran or FITC-BSA),
the other at 37°C (to reveal antigen capture and uptake).
Antigen uptake was stopped by washing in ice-cold stain
buffer, and evaluated by flow cytometry or fluorescence
microscopy.

Analysis of the Response to Lipopolysaccharide

MicDCs and bmDCs were used after 7 days of differen-
tiation in GM-CSF/IL-4 containing medium. Then, the cul-

1670 Hochmeister et al
AJP December 2008, Vol. 173, No. 6



ture was continued for 48 hours in the presence (exper-
imental cells) or absence (controls) of 100 ng/ml
lipopolysaccharaide (LPS; from E. coli 0127:B8, Sigma).
The surface properties of cells from both groups were
characterized by flow cytometry.

Mixed Lymphocyte Reactions

MicDCs and bmDCs were used 7 to 12 days after initia-
tion of differentiation with GM-CSF/IL-4. T cells were iso-
lated from the mesenteric lymph nodes of Sprague-Daw-
ley rats. Graded doses of micDCs or bmDCs and T cells
were cocultured as triplicates in a total volume of 200 �l.
The DC:T cell ratios ranged from 0.5:1 to 0.0125:1. For
the last 18 hours of a 48 hours incubation, [3H]-thymidine
was added. The cells were harvested onto glass fiber
filter membranes and the [3H]-thymidine incorporation
was measured in a �-counter.

Transcription Factor Usage

cDNA from micDCs or bmDCs was used for PCR analy-
sis, using primers specific for PU.1 (PU.1-for: 5�-TG-
GAAGGGTTTCCCCTCGTC-3�; PU.1-rev: 5�-TGCTGTC-
CTTCATGTCGCCG-3�; product 533 bp), Spi-B (Spi-B-
for: 5�-GGCTTCG GTTTTTGAGATTGGG-3�; Spi-B-rev:
5�-TGACTGTAAAAGGGGGCTTTCC-3�; product 381 bp),
and �-actin (�-act-for: 5�-ATGAAGTGTGACGTTGA-
CATCC-3�; �-act-rev: 5�-GCCAGCTCAGTAACAGTC-
CGCC-3�; product 303 bp). For PCR reactions, 5 �l 10�
PCR buffer (200 mmol/L Tris-HCl, pH 8.4, 500 mmol/L
KCl), 1.5 �l 50 mmol/L MgCl2, 1 �l 10 mmol/L dNTP mix,
1 �l forward primer (100pmol/�l), 1 �l reverse primer
(100pmol/�l), 1 �l Hot Gold Star polymerase (5U/�l, Eu-
rogentec, Seraing, Belgium), 1 �l cDNA, and 38.5 �l H2O
were mixed, heated for 11 minutes at 95°C (denatur-
ation), and then subjected to 40 cycles of denaturation
(30 seconds, 95°C), annealing (30s, 56°C for PU.1; 55°C
for Spi-B; 53°C for �-act) and elongation (30s, 72°C). The
MyCycler Thermal Cycler system with thermal gradient
(Bio-Rad, München, Germany) was used. Final extension
was made for 10 minutes at 72°C. The resulting PCR
products were size-separated by agarose gel electro-
phoresis, excised, and sequenced.

Microarrays

Oligo GEArray rat inflammatory cytokines & receptors
microarrays and oligo GEArray rat chemokines & re-
ceptors microarrays (all from SuperArray, Frederick,
MD) were used according to the instruction of the
manufacturer.

Injection of GFP� Cells into the Striata of Wild-
Type Lewis Rats

Six-week-old wild-type Lewis rats were anesthetized with
Ketanest S/Rompun and placed in a stereotactic head
frame. The incisor bar was adjusted until the plane de-

fined by the lambda and bregma was parallel to the base
plate. Then, the needle of a 0.5 �l Hamilton syringe was
stereotactically guided into the left striatum (3 mm lateral
to bregma, 4 mm below the dura). 0.3 �l solution (con-
taining �10000 GFP� cells) in sterile endotoxin-free PBS
was slowly injected. The needle was left in place for an
additional 10 minutes before it was removed. The animals
were sacrificed 0.5, 1, 3, and 6 days later for histological
analyses. Initially, we used GFP� micDCs after 7 days of
differentiation, or after 7 days of differentiation and an
additional stimulation for 48 hours with TNF-� to obtain
more mature cells. Since both types of cells showed an
absolute identical migratory behavior, we refer to them as
one single group. All animal experiments were approved
by the local animal welfare committee and the Austrian
Ministry for Education, Science, and Culture.

Histological Analysis

For histological examination, the animals were eutha-
nized with CO2 and then perfused with 4% paraformal-
dehyde in phosphate buffered saline pH 7.4. The brains,
lymph nodes and spleens were dissected, postfixed in
paraformaldehyde/PBS and paraffin-embedded. Serial
sections were cut on a microtome. Antigen was retrieved
by steaming the tissue sections in 1 mmol/L citric acid
buffer pH 6.0 (for usage in double stainings with Ox6 and
CM1) or 1 mmol/L EDTA buffer, pH 8.5 (all other antibod-
ies and antibody combinations) for 60 minutes. Immuno-
histochemical staining and confocal microscopy were
done as described,24 using rabbit anti-GFP antibodies
(gift of W. Sieghart, Med. University Vienna, Center for
Brain Research), mouse anti-rat MHCII (OX6), rabbit anti-
activated caspase 3 (CM-1, antibody kindly provided by
Thomas Deckwerth, Idun Pharmaceuticals, San Diego,
CA), mouse anti-rat T cells (W3/13), and rabbit anti-hu-
man von Willebrand factor (vWF, cross-reactive with rat,
DAKO, Glostrup, Denmark) as primary antibodies.

For the detection of apoptotic cells, tissue sections
were pretreated with 1 mmol/L citric acid buffer, and then
incubated over night at 4°C with OX-6 (1:250) and CM-1
(1:50,000). Bound OX-6 was detected by alkaline phos-
phatase conjugated anti-mouse IgG (1:200) followed by
Fast Blue B base (Sigma), and bound CM-1 was visual-
ized using biotinylated donkey-anti-rabbit (Amersham
Pharmacia Biotech, Uppsala, Sweden) in fetal calf serum/
PBS (1 hour, room temperature) followed by avidin per-
oxidase (1:100; Sigma; 1 hour, room temperature) and
stained with 3,3�diaminobenzidine-tetra-hydrochloride
(Sigma). Sections were inspected using conventional
light microscopy.

For determining the location of injected cells, double-
staining was performed with OX6 (1:100) and anti-vWF
(1:500), which were applied over night at 4°C. Bound
OX6 was detected with a donkey anti-mouse Cy2
(green), bound anti-vWF antibodies with biotinylated
sheep anti-rabbit antibodies (Amersham Pharmacia Bio-
tech, 1:200) and then with streptavidin-Cy3 (red) (Jack-
son Immuno Research Laboratories, West Grove, PA,
1:75). Alternatively, anti-GFP (1:2500) and anti-vWF (1:
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500) antibodies were applied over night at 4°C. Bound
anti-vWF antibodies were detected with goat anti-rabbit
Cy3 (Jackson Immuno Research Laboratories, 1:100).
Since they also reacted with the biotinylated sheep anti-
rabbit antibodies (1:200) and the streptavidin-Cy2 (Jack-
son Immuno Research Laboratories, 1:75) used to detect
bound anti-GFP antibodies, blood vessel endothelium
appears yellow, and GFP� cells green. Sections were
inspected with a laser confocal microscope (LSM-410,
Carl Zeiss, Jena, Germany).

PCR Analysis of Lymphatic Tissue to Verify the
Presence of GFP� micDCs

We isolated RNA from paraformaldehyde-fixed paraffin
embedded tissue sections from mesenteric lymph nodes
and spleens, using the Paradise Whole Transcript RT
Reagent System (Arcturus, Mountain View, CA) accord-
ing to the instructions of the manufacturer. This RNA was
transcribed to cDNA and then subjected to PCR analysis,
using primers specific for GFP (GFP-for: 5�-GCTGAC-
CCTGAAGTTCATCTGC-3�; GFP-rev: 5�-GTGGCTGTTG-
TAGTTGTACTCC-3�; product 302 bp), and �-actin. For
PCR reactions, 5 �l 10� PCR buffer (200 mmol/L Tris-
HCl, pH 8.4, 500 mmol/L KCl), 1.5 �l 50 mmol/L MgCl2, 1
�l 10 mmol/L dNTP mix, 1 �l forward primer (100pmol/�l),
1 �l reverse primer (100pmol/�l), 1 �l polymerase (5U/
�l), 1 �l cDNA, and 38.5 �l H2O were mixed together.
The reaction mix was heated for 11 minutes at 95°C
(denaturation), and then subjected to 40 cycles of dena-
turation (30s, 95°C), annealing (30s, 55°C for GFP; 53°C
for �-act) and elongation (30s, 72°C). The final extension
was made for 10 minutes at 72°C. The size of the result-
ing PCR products was determined by agarose gel elec-
trophoresis. Afterward, the PCR products were purified
and sequenced.

T Cells

All T cells used were memory T cells specific for myelin
basic protein (MBP, Sigma), derived from Lewis rats, and
were “resting,” ie, readily activatable in response to MBP
and syngenic antigen presenting cells.

T Cell Labeling

We used the Vybrant CFDA SE Cell tracer kit (Invitrogen,
Lofer, Austria) to obtain carboxyfluorescein succinimidyl
ester (CFSE)-labeled MBP-specific T cells, and Cell-
Tracker Orange 5- and-6-[4-chloromethyl] benzoyl amino
(CMTMR) tetramethylrhodamine (Invitrogen) to obtain
CellTracker Orange labeled MBP-specific T cells. In both
cases, the labeling procedure followed the instructions of
the manufacturer.

Search for Proliferation of CFSE-Labeled MBP-
Specific T Cells by FACS

GFP� microglia-derived dendritic cells in 1 ml culture
medium were pre-incubated for 45�at 37°C with 10 �l

MBP as the cognate or 10 �l Ovalbumin (Sigma) as an
irrelevant antigen. The stock concentrations of the anti-
gens used were 1 mg/ml. After the incubation, the cells
were carefully washed to remove any traces of unbound
antigens. Then, �10,000 GFP� microglia-derived den-
dritic cells per rat were injected into the striatum, as
outlined in the material and methods section. Two rats per
group were injected. Immediately after the intrastriatal injec-
tion of the antigen-loaded dendritic cells, 2.5 � 106 CFSE-
labeled and 2.5 � 106 unlabeled resting MBP-specific T
cells were injected i.p./i.v. Six days later, splenocytes of
these animals were analyzed by flow cytometry to search
for proliferation of CFSE-labeled T cells. Remaining
splenocytes were used for ELISPOTS and T cell prolifer-
ation assays.

Search for Expansion of MBP-Specific T Cells
by ELISPOT Analyses and T Cell Proliferation
Assays

ELISPOT analyses were performed on spleens of Lewis
rats that had been injected with GFP� MBP- or ovalbu-
min-loaded microglia-derived dendritic cells into the stri-
atum, and with CFSE-labeled and unlabeled resting
MBP-specific T cells i.p./i.v. (see above). Six days after
these manipulations, the animals were sacrificed, and
1.25, 2.5, 5, and 10 � 104 erythrocyte-depleted spleno-
cytes were seeded in triplicate in the absence of any
antigen (negative control), or in the presence of MBP,
OVA (both final concentration 10 �g/100 �l), or Con-
canavalin A (ConA, Sigma, final concentration 2.5 �g/100
�l, positive control), using the rat interferon-� ELISPOT
(U-CyTech, Utrecht, Netherlands) according to the in-
structions of the manufacturer. For T cell proliferation
assays, 1 � 106 erythrocyte-depleted splenocytes/well
were seeded in triplicate in the absence of any antigen
(negative control), or in the presence of MBP, OVA (both
final concentration 10 �g/100 �l), or ConA (final concen-
tration 2.5 �g/100 �l, positive control). The cells were
cultured for 72 hours. [3H]-thymidine was added during
the last 18 hours of culture to reveal de novo DNA syn-
thesis during the S-phase of the cell cycle of activated T
cells.

Search for Direct Physical Interaction between
CellTracker Orange Labeled MBP-Specific T
Cells and GFP� Emigrated micDCs in the
Spleen

Approximately 10,000 microglia-derived GFP� dendritic
cells/rat were injected into the striatum of five Lewis rats,
as outlined in the material and methods section. 0.5 to
1 � 107 resting CellTracker Orange labeled MBP-specific
T cells were immediately afterward injected i.p./i.v. The
animals were sacrificed 1 (2 rats), 2 (2 rats), or 3 days (1
rat) after the injection, and perfused with 4% paraformal-
dehyde. Cryosections of the spleens were made and
analyzed by confocal microscopy.
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Results

Generation and Characterization of micDCs

To initiate the differentiation to DCs, the shake-offs of
mixed glial cultures were cultured in the presence of 10
ng/ml GM-CSF and IL-4. Seven to thirteen days later,
these cultures consisted of large adherent, macrophage-
like cells, and of freely floating, smaller cells with pro-
cesses suggestive of DCs. Since there was no good
antibody marker available that unequivocally identifies rat
DCs, we characterized the floating cells according to
their morphology, surface marker expression, response
to LPS, and ability to activate naive T cells.

All of these cells had cellular processes of variable
length (Figure 1A) and were CD11c�, CD11b�, ICAM-
1�, B7.1�, and B7.2� (Figure 1B). The expression of the
OX62 antigen was inconsistent, ranging from a complete
or near-complete absence (in 56%) to moderate (in 13%)
to high levels (in 31% of all cultures, data not shown).
Even in the absence of additional maturation stimuli such
as LPS, these cells expressed large amounts of MHC
class II products and costimulatory molecules on the cell
surface (Figure 1B) and were able to activate naive T
cells (Figure 1C). They efficiently took up FITC-dextrane
and FITC-BSA, but showed only surface-binding of FITC-
K12 (Figure 1D), while undifferentiated microglial cells
readily took up FITC-dextrane, FITC-BSA, and FITC-K12
(Figure 1E).

Rat cells with such a phenotype have been called DCs
previously.25 However, since there is currently no marker
available that unequivocally shows whether such differ-
entiated cells are really of the DC lineage, or whether they
provide an independent myeloid lineage, we rather prefer
to term these cells “DC-like.”

Different subsets of murine26 and rat27 DCs can be
readily distinguished by their expression of CD8�. We
therefore characterized the expression of CD8� mole-
cules on the surface of micDCs by FACS analysis. Twen-
ty-four of 28 independent cultures gave rise to CD8��

micDCs. In 4/28 cultures, pure populations of CD8��

micDCs were obtained. The differentiation of microglial
cells to CD8�� and CD8�� micDCs reflects the normal
differentiation pattern of myeloid DCs in mice and rats. In
these species, both CD8�� and CD8�� myeloid DCs can
derive from the same precursor cell,26,28 and do not
change their CD8� status in vitro.29 To further character-
ize the micDCs, we determined their transcription factor
profile by PCR analysis. We concentrated on the tran-
scription factors PU.1 (typically used by myeloid
DCs30,31), and Spi-B (used by plasmacytoid DCs32,33).
We found that the micDCs used PU.1, but not Spi-B
(Figure 1F). In a subsequent step, we characterized the
cytokine/chemokine expression profile of the micDCs by
pathway-focused microarrays. In contrast to microglial
cells, micDCs expressed significantly more transcripts
for CCL17 and CCL 22, while the expression of IL-12�
and IL-12� was below the limit of detection with this
technology (Figure 1G). These are typical features of
semimature dendritic cells.34 We then treated the mic-
DCs in vitro with the maturation stimulus LPS. The cells

responded to LPS and were able to further up-regulate
the surface expression of B7.1, B7.2, ICAM-1, or MHC
class II molecules (Figure 1H). However, we rarely ob-
served an up-regulation of all markers at the same time.
Again, this phenotype strongly suggests that the micDCs
were semimature.

Cell Cultures Derived from Bone Marrow
Chimeric Rats Reveal the True Microglial Origin
of GM-CSF/IL-4–Differentiated MicDCs

Conventionally, the myeloid cells found within the first
through third shake-offs of mixed glial cultures are con-
sidered microglial cells.22 Moreover, cells derived from
the different shake-offs are known to have a comparable
in vitro phenotype, based on the phagocytic ability, mor-
phology, specific immunoreactivity, cytokine secretion,
and LPS response.35 However, there was still the possi-
bility that our shake-offs also contained blood mononu-
clear cells that had been trapped in the vasculature, or
dendritic/myeloid cells initially located in the perivascular
or meningeal compartments,1,2,36 and that the GM-CSF/
IL-4–recruited micDCs derived from these cellular
sources. To clarify this issue, we produced bone marrow
chimeras by injecting hematopoietic stem cells of GFP-
transgenic Lewis rats into irradiated wild-type Lewis rats.
The resulting animals were characterized by a high de-
gree of chimerism (on average 80% to 87% of all periph-
eral blood mononuclear cells were GFP�), by the pres-
ence of GFP� mononuclear cells in the meninges and in
the perivascular spaces, and by a GFP� microglial cell
pool (Figure 2A) that remained stably GFP� throughout
life (data not shown). We then used these animals to
initiate mixed glial cultures as starting material for the
production of GM-CSF/IL-4 differentiated micDCs, as
done before for newborn rats. From these cultures we
obtained too few micDCs for full characterization of the
cells. Despite these difficulties, we were able to verify that
these cells were able to activate naive T cells and had the
typical morphology of micDCs (data not shown), and we
determined then the presence or absence of GFP in
these cells by fluorescence microscopy. We found that
the vast majority of these chimera-derived micDCs was
GFP�. This finding is in clear contrast to the situation in
the peripheral blood, where most nucleated cells carried
the genetic marker (Figure 2B). To make sure that the
large numbers of GFP� cells did not reflect any deleteri-
ous effects of the GFP transgene on microglial cell growth
and differentiation, we initiated mixed glial cultures by
pooling equal numbers of brains from 3 GFP� and 3
GFP� Lewis rat pups, and determined the ratios of GFP�

and GFP� micDCs derived from such cultures. We found
that both types of micDCs were present in comparable
numbers (Figure 2C). This indicated that GFP� and GFP�

cells grew and differentiated equally well in culture.
Collectively, these data imply that GM-CSF/IL-4 differ-

entiated cells obtained from the shake-offs of mixed glial
cultures can originate in the microglial cell pool, although
we cannot fully exclude the possibility that some DCs
from these cultures also derived from a GFP�, slowly
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Figure 1. Characterization of micDCs. Micro-
glial cultures were treated for 7 to 13 days with
GM-CSF and IL-4. The non-adherent, free-float-
ing cells were harvested and characterized ac-
cording to morphological appearance (A), sur-
face marker expression revealed by flow
cytometry (B), ability to activate naïve T cells in
mixed lymphocyte reactions (C), ability to take
up antigens (D, E), transcription factor usage
(F), expression of chemokines/cytokines (G),
and response to activation by LPS. A: MicDCs
have a round, irregular morphology with many
dendrites and protrusions of variable length. B:
Flow cytometric analysis of surface marker ex-
pression reveal the expression of costimulatory
molecules (B7.1 and B7.2), the ICAM, and
CD11b and CD11c. The expression of the OX62
antigen was inconsistent, ranging from a com-
plete or near-complete absence (in 56%) to
moderate (in 13%) to high levels (in 31% of all
cultures). The high expression of surface MHC
class II indicates that these micDCs are no
longer immature. These data are representative
of 28 independent cultures. C: MicDCs can ac-
tivate naïve T cells, as demonstrated in mixed
lymphocyte reactions where micDCs were de-
rived from Lewis rats, and T cells from mesen-
teric lymph nodes of Sprague-Dawley rats. Dif-
ferent DC:T cell ratios were tested. The white
box represents microglial cells harvested from
mixed glial cultures, and the gray and black
boxes represent two different cultures of mic-
DCs. Counts per minute (cpm) � standard de-
viations are shown. This experiment is represen-
tative of six independently derived micDCs
preparations. D, E: Fluorescent microscopy or
FACS images from micDCs (D) or microglial
cells (E) treated with FITC-K12, FITC-BSA, and
FITC-dextran at 4°C (to reveal nonspecific bind-
ing) and at 37°C (to show true uptake). Data are
representative of several different experiments.
F: Transcription factor profile of micDCs com-
pared to microglial cells and bmDCs. MicDCs
and bmDCs express PU.1 but not Spi-B and
therefore resemble myeloid DCs. G: Pathway-
focused rat inflammatory cytokines microarrays.
mRNA from micDCs, bmDCs, and microglial
cells (mic) were screened for the presence for
transcripts encoding CCL17, CCL22, IL-12a, IL-
12b. Glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) transcripts were used as a posi-
tive control. A PUC18 plasmid was used as a
negative control. Please note that the greyish
hue in the PUC18 sample results from a strong
signal next to this probe. The data shown here
are representative of two independently per-
formed experiments. H: MicDCs in vitro are still
able to respond to LPS and up-regulate the sur-
face expression of B7.1, B7.2, ICAM-1, or MHC
class II. Please note that we rarely observed an
up-regulation of all markers, probably since we
did not compare immature with mature DCs, but
rather semimature with mature DCs. In 1/9 cul-
tures analyzed, the most extreme case was ob-
served, with an up-regulation of MHC-class II
gene products together with CD11b, CD11c,
B7.1, B7.2 and OX62 (shown in A). In other
cultures, the response to LPS was much less
pronounced, resulting in an up-regulation of
CD11b and CD11c either alone (2/9 cultures) or
together with B7.1 (2/9 cultures). B7.1 was up-
regulated alone in 1/9 cultures. ICAM-1 was up-
regulated together with OX62 (1/9 cultures), or
with B7.1 and B7.2 (2/9 cultures). This indicates
that the cells treated with LPS were already semi-
mature. Bars � 25 �m (A, D) and 50 �m (E).
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exchanging perivascular precursor cell population co-
isolated from the brain.

MicDCs Do Not Differ from BmDCs, but Both
Differ from Microglial Cells

Based on the expression of CD11c, CD11b, ICAM-1,
B7.1, B7.2, and MHC class II gene products (Figure 3A),
on the LPS response and the ability to activate naive T
cells (data not shown), and on the transcription factor
usage and CCL17/CCL22 expression pattern (Figure 1),
bmDCs were indistinguishable from their microglia-de-
rived counterparts. Both micDCs and bmDCs, however,
differed significantly from microglial cells in surface
marker expression (Figure 3B), ability to activate naive T
cells (Figure 1C), and expression levels of CCL17/CCL22
mRNA (Figure 1E).

MicDCs Derived from GFP-Transgenic Lewis
Rat Brains Have the Same Characteristics as
their Lewis Rat-Derived Counterparts

To study the fate of micDCs in vivo, we produced GFP�

micDCs. Like their unlabeled counterparts, these cells ex-
pressed MHC class II products on the cell surface, together
with ICAM-1 and the costimulatory molecules B7.1 and B7.2
(Figure 3C). They also expressed CCL17 and CCL22, and
were able to activate naive T cells (data not shown).

Migration of micDCs within and Out of the Brain

We then injected the GFP� micDCs into the striatum.
Shortly after the injection, the GFP� micDCs were found
in the needle tract and in the surrounding parenchyma
(Figure 4, A�C). However, over time, the total number of
micDCs found in these locations decreased. This was in
part due to the induction of apoptosis (3 days after the
injection, 3.0% of all Ox6� micDCs were apoptotic ac-
cording to their reaction with the caspase 3 antibody;
other evidence for apoptosis � the condensation or frag-
mentation of nuclei depicted in Figure 4 days), and in part
due to the migration of micDCs from the CNS parenchyma
to the perivascular space (Figure 4, E and F). Even 72 hours
after the injection, we found micDCs that had integrated
between the endothelial layer of the vasculature and directly
contacted the lumen of the blood vessels (Figure 4, G�I),
and we detected micDCs within the blood vessel lumen
(Figure 4J). Hence, micDCs are able to leave the CNS
compartment and to enter the circulation.

MicDCs that Had Left the Brain via the Blood
Stream Reach the Mesenteric Lymph Nodes
and the Spleen

We then searched for GFP� micDCs in the peripheral lym-
phatic organs. We found these cells in very low numbers in
the white pulp of the spleen, just at the border to the red
pulp (Figure 5A), and in the medulla of mesenteric lymph
nodes (Figure 5B). These findings were further corrobo-
rated by the presence of GFP mRNA in these organs (Fig-
ure 5C).

BmDCs Behave Essentially Like their Microglia-
Derived Counterparts

The experiments described above raised the question
whether the emigration from the CNS parenchyma is a
typical feature of micDCs, or whether it is also seen on
injection of bmDCs into the striatum. To address this
point, we derived GFP� DCs from the bone marrow of
GFP-transgenic Lewis rats (Figure 6A), and injected
these cells into the striatum of wild-type Lewis rats. As
seen before for micDCs, GFP� bmDCs were found in the
CNS parenchyma (Figure 6B). Some of these cells be-
came apoptotic (3 days after the injection, 5.6% of the
bmDCs were apoptotic according to their staining with
the caspase 3 antibody; other evidence for apoptosis � the

Figure 2. Combined in vivo and in vitro study to reveal the microglial origin
of micDCs. A: Histological analysis of brain and spinal cord sections with
anti-GFP antibodies. GFP� bone marrow derived cells (dark) are seen in
perivascular areas, but not in the parenchymal microglial cell pool. Scale
bar � 50 �m. B: Percentages of GFP� cells in the micDC population. Shown
here are the mean values (� SD) of six different bone marrow chimeric rats.
Note that the percentage of GFP� cells in the micDC pool is much higher
than the percentage of GFP� cells in the pool of peripheral blood mononu-
clear cells (PBMNC) indicating that most of the GFP� micDCs must derive
from the GFP� microglial cell pool. C: FACS-analysis of micDCs that had
been derived from a mixed glial culture prepared from three GFP� and three
GFP� pups. Note that similar amounts of GFP� and GFP� micDCs are
present, which indicates that both cellular subsets grow equally well in
culture. Data shown here are representative of two independently performed
experiments.
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condensation or fragmentation of nuclei shown in Figure
6C), while others were found in the perivascular space
(Figure 6 days), and even within the blood vessel lumen
(Figure 6E). Finally, we found some of these cells in the
spleen (Figure 6, F and G). This indicated that bmDCs are
also able to leave the CNS parenchyma and to enter lym-
phoid organs.

Emigration Is Not Observed on Injection of
GFP� Microglial Cells

In a next series of experiments, we had to exclude the
possibility that the micDCs or bmDCs were introduced
into the perivascular space and/or the blood vessel lu-
men by the injection procedure itself. Therefore, we iso-

Figure 3. Flow cytometric analysis of surface marker expression. BmDCs (A), microglial cells (B), and GFP� micDCs (C) were analyzed. Both bmDCs and micDCs
are characterized by a strong surface expression of MHC class II products and ICAM-1, which is not seen on microglial cells. These data are representative of five
bmDC, five microglial, and two GFP� micDC cultures.

Figure 4. MicDCs disperse from the injection site
into the parenchyma and to the perivascular space.
GFP� micDCs were injected in a volume of 0.3 �l
into the striatum of Lewis rats. Histological analyses
were then made at different timepoints after the in-
jection. A: Analysis of the location of GFP� micDCs
at different time points after the injection into the
striatum. Three-micron serial sections through the
striatum of three individual animals were made 24
hours, 3 days, and 6 days after the injection. Every
10th section was stained with anti-GFP antibodies,
and the location of each GFP� micDCs found within
these sectionswasprojected as a dot into the relevant
scheme. Cells are found in the needle tract (small
dots), in the parenchyma (black dots), and in the
perivascular space (red dots). Please note that the
injected cells disperse through the parenchyma (B,
C), and that some of these cells undergo apoptosis
(D). The parenchymal micDCs were often round (B,
D), and had occasionally small processes (C). E: The
ratio of the perivascular GFP� cells/all GFP� cells in
the tissue increases over time. Shown here are the
mean ratios � SD after 1 and 3 days (10 animals per
time point, pooled from three independently per-
formed experiments). The difference between both
groups is statistically significant at the 95% confi-
dence interval (Mann Whitney W test, *P � 0.0058).
F: Confocal microscopy reveals many MHC class II�

micDCs (OX-6 staining, green) in close vicinity to
blood vessels (vWF staining, red). G�I: Stack of
three confocal microscopy pictures, spaced 1 �m
apart. This series of pictures shows the same MHC
class II� micDCs (OX-6, green), which directly con-
tacts the lumen of a blood vessel (vWF, red) and
which is integrated within the blood vessel endothe-
lium. J: MicDCs (GFP, green) in the lumen of blood
vessels (vWF, yellow). Scale bars � 50 �m (B), 25
�m (C, D) and 10 �m (F�J).
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lated GFP� microglial cells (Figure 6 hours), and injected
them into the striatum of wild-type Lewis rats. Also in
these cases, the injected cells were found in the paren-
chyma (Figure 6I). The injected cells were fully functional,
as evidenced by the engulfment of erythrocytes near the
needle tract (Figure 6J). Some of the cells were apoptotic
(3 days after the injection, 14.3% of all GFP� microglial
cells had condensed or fragmented nuclei as seen in
Figure 6K). Again, we found evidence for perivascularly
located GFP� cells. However, the numbers of these
GFP� microglial cells was much lower than the number
observed after injection of micDCs (Figure 6M) or bm-
DCs, and it remained constant over time (Figure 6L). We

did not observe any GFP� microglial cells within the
endothelium or the blood vessel lumen, and we were also
unable to detect GFP� microglial cells in lymph nodes
and spleens of the injected animals by PCR reactions
(data not shown).

T Cell Infiltration as a Possible Trigger for
MicDCs and BmDCs Emigration?

An emigration of myeloid cells from the intact CNS has not
yet been described, which could indicate that this pro-
cess might be initiated by a pathological trigger, eg, CNS
inflammation. Is there evidence for T cell infiltration after
the microinjection of cells into the striatum? To address
this question, we stained the brain sections with W3/13 to
search for CNS infiltrating T cells. We detected these
cells in the perivascular space and in the parenchyma of
the injected part of the striatum, but not in the contralat-
eral, non-manipulated area of the striatum (Figure 7).

CNS-Emigrant DCs—Antigen Presenters in
Vivo?

In further experiments, we searched for evidence of
whether CNS emigrant micDCs were able to provoke
antigen-specific immune reactions in the peripheral im-
mune system. Since there are no transgenic rats avail-
able that carry large numbers of naive, CNS-antigen spe-
cific T cells in their immune repertoire (as would be the
case, eg, for MBP-reactive T cell receptor transgenic
mice37), we decided to search for reactivation of MBP-
specific memory T cells that had been introduced into the
peripheral immune system of the animals at the time of
the intrastriatal injection of the micDCs. Although we tried
several different experimental setups (ie, search for pro-
liferation of CFSE-labeled MBP-specific T cells by FACS;
search for the expansion of MBP-specific T cells by ELIS-
POT and T cell proliferation assays; and search for direct
physical interaction between Cell tracker orange labeled
MBP-specific T cells and GFP� emigrated micDCs in the
spleen), we were unable to demonstrate any interactions
between these different types of cells, probably due to
the extremely low numbers of emigrated micDCs. Hence,
with the animal model used, it remains open as to
whether CNS emigrant DCs are antigen presenters in
vivo. Is there any evidence that the injected DCs do
interact in vivo at all with T cells? To answer this question,
we searched for evidence of physical contact between
GFP� DCs and T cells at the injection site. We found
close contact between T cells and micDCs as well as
bmDCs, both in the striatal parenchyma and in the
perivascular space (Figure 8).

Discussion

For a long time, drainage of tissue-resident DCs by lym-
phatic vessels was considered to be the prototypic mi-
gratory pathway of these cells. The brain lacks such a
classical lymphatic drainage.10 Moreover, it has been

Figure 5. MicDCs in lymphoid organs. Three-micron thick serial sections of
spleens (A) and mesenteric lymph nodes (B) isolated 3 days after the
injection of micDCs into the striatum. The sections were stained with an
anti-GFP antibody and searched for the presence of GFP� micDCs. GFP�

micDCs appear brown. GFP� micDCs were found in the spleen, at the border
between white and red pulp (A), and in the medulla of mesenteric lymph
nodes (B). To further substantiate these findings, we performed PCR analysis
of spleens (S, pooled from four animals) and lymph nodes (L, pooled from
four animals) together with ear-derived cDNA from a GFP� Lewis rat as
positive control (�) and omission of cDNA from the PCR reaction as negative
control (�). The signal of the GFP products was very weak. We therefore
made non-linear adjustments to make the PCR product visible on the picture,
and to show that the GFP message was clearly detectable in spleens and
lymph nodes (C). Scale bars � 100 �m.

Dendritic Cells Leave CNS via Blood 1677
AJP December 2008, Vol. 173, No. 6



described that antigens injected into the brain drain to
the B cell zones of deep cervical lymph nodes,11 that
bone marrow-derived DCs injected into the corpus cal-
losum remain mostly confined around the injection site or

migrate only a short distance along the adjacent white
matter tracts,12 and that bone marrow-derived DCs in-
jected into the cerebrospinal fluid contained within the
lateral ventricle reach only the B cell follicles of cervical

Figure 6. The migratory behavior of bmDCs and microglia. Flow cytometric analysis of surface marker expression (A) of GFP� bmDCs. The cells are
characterized by a strong surface expression of MHC class II products and ICAM-1. GFP� bmDCs were injected in a volume of 0.3 �l into the striatum of Lewis
rats. Histological analyses were then made at different time points after the injection. The injected cells disperse through the parenchyma (B). Some of these cells
undergo apoptosis (C). Confocal microscopy reveals GFP� micDCs (green) in close vicinity to blood vessels (vWF staining, yellow; D) and also in the blood vessel
lumen (E). We also found GFP� bmDCs in the spleen, again at the border of the red/white pulp (F, G). Flow cytometric analysis of surface marker expression
(H) of GFP� microglial cells. The cells are characterized by an almost complete absence of surface MHC class II products and costimulatory molecules. GFP�

microglial cells were injected in a volume of 0.3 �l into the striatum of Lewis rats. Histological analyses were then made at different timepoints after the injection.
The injected cells are able to acquire the typical ramified microglial morphology and are also seen in the parenchyma (I). Some of them engulf erythrocytes at
the injection site (J). Also apoptotic GFP� microglial cells can be found (K). Confocal microscopy revealed GFP� micDCs (green) in close vicinity to blood vessels
(vWF staining, yellow). An example of such a blood vessel is shown in (L). The ratio of perivascular GFP� cells/all GFP� cells in the tissue is lower in the group
of injected microglial cells than in the case of the injected micDCs. Shown here are the mean ratios � SD. M: For each group, data were pooled from days 1 and
3. Group sizes were n � 5 (mic) and n � 20 (mic DC). The difference between both groups is statistically significant at the 95% confidence interval (Mann Whitney
W test, *P � 0.00077). Scale bars � 10 �m (D, E, L), 25 �m (B, C, I, J, K), and 50 �m (F, G).
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lymph nodes.12 Therefore, it was concluded that DCs
from the brain show a peculiar migratory behavior and
are unable to enter other lymphatic organs.12 We show
here that micDCs and bmDCs, but not microglial cells,
that have been injected into the striatum can leave the
CNS via the blood stream and can enter mesenteric
lymph nodes and spleen.

In terms of their route of exit from the CNS, and in terms
of their function as antigen presenting cells, micDCs and
bmDCs are remarkably similar. These cells differ, how-
ever, in their location during maturation: Microglia-de-
rived dendritic cells differentiate within the CNS paren-

chyma,5,6 while bone marrow-derived dendritic cells
mostly mature within the perivascular space.7,8 Although
not formally shown in our study, these two compartments
could differ from each other in the availability of antigenic
peptides and could yield to dendritic cells that might
activate T cells with different CNS antigen specificities
following their (re-)entry into the peripheral immune
system.

Our findings that dendritic cells can leave the CNS via
the blood stream raise two specific questions:

(1) why was this migratory pattern not observed earlier,
by other studies? and

(2) what is the significance of our findings for the under-
standing of the onset and/or progression of autoimmune
CNS diseases like multiple sclerosis or experimental auto-
immune encephalomyelitis?

In an attempt to address the first question, we carefully
analyzed the injection procedures applied by the differ-
ent studies. We found that the other studies on antigen
and cellular drainage from the CNS were performed us-
ing rather large volumes of material deposited at the
injection sites, ranging from 2 � 20 �l injected into the
frontal lobe,38 10 �l injected into the corpus callosum or
the lateral ventricle,12 down to 2 � 0.75 �l injected into
the caudate nuclei.39 Since the reported interstitial fluid
bulk flow rate in the rat brain is in the range of 0.1 to 0.3
�l/min/g,40 these deposits might represent supraphysi-
ological amounts of fluid containing antigens or cells that
could have saturated the available space at the injection
site, resulting in a robust spillover into interstitial fluid/
cerebrospinal fluid drainage pathways. In marked con-
trast, our inoculum had a total volume of 1 � 0.3 �l, and
was hence much more within the range of the physiolog-
ical interstitial flow rate. Thus, we minimized both the
spill-over to the CSF compartment and the tissue damage
at the injected site. Although we cannot formally exclude
that some of the injected DCs found in the spleens or
mesenteric lymph nodes had entered the blood stream
as a result of the injection trauma, several lines of evi-
dence strongly suggest that brain-derived DCs can in-
deed actively leave the CNS via the blood stream: First,
we observed a migration of the injected DCs from the
CNS parenchyma to the perivascular space, an integra-
tion of the migrated cells into the endothelium lining of
the CNS vasculature, and the presence of these cells in
the lumen of blood vessels days after the injection into the
striatum. Secondly, i.v. injection of ex vivo expanded bone
marrow-derived DCs also resulted in the accumulation of
DCs in the lung and the T cell zones of mesenteric lymph
nodes, Peyer�s patches, spleen and thymus in one
study,13 and in the lung, liver, spleen and bone marrow in
a second study.14 The latter study also established that
immature DCs deposited in the footpads of mice could
be recovered from the blood and the draining lymph
nodes following the induction of maturation by LPS stim-
ulation.14 And last, it has been repeatedly described that
tissue-resident DCs are able to reach the spleen15–18

(and the only way to do so is by re-entering the circula-
tion14), that transplanted graft-derived DCs rapidly ap-

Figure 7. T cell infiltration at the injection site. Histological staining using the
W3/13 antibody to reveal T cells in the striatum, 1 (B, C) or 3 (A) days after
the injection of micDCs (A), bmDCs (B), and microglial cells (C). T cells
(W3/13�, dark) were seen at the injected site, close to the needle tract and
within the parenchyma, but were absent from the contralateral unmanipu-
lated site. Scale bars � 50 �m.

Figure 8. Interactions between dendritic cells and T cells at the injection site.
Histological staining using the W3/13 antibody to reveal T cells (blue) in
the striatum and the anti-GFP antibody to detect injected micDCs and bmDCs
(brown). Shown here are intercellular contacts between micDCs and T cells
(A, perivascular space, 3 days after the injection; C, parenchyma, 24 hours
after the injection), and between bmDCs and T cells (B, parenchyma, 3
days after the injection).
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pear in the recipient�s blood and spleen,19,20 and that gut
derived DCs appear in the blood after intragastric infec-
tions.21 Based on these observations we conclude that
brain-derived DCs behave essentially like any other tis-
sue-derived DCs. The most important factors triggering
maturation and exit of tissue-resident DCs are infection
and inflammation.21,41 Interestingly, in our experimental
animals, the presence of CD3� T cells at the striatal
injection site strongly suggests enhanced T cell influx/low
grade inflammation at this site, which could provoke the
formation of a migration-permissive microenvironment. A
similarly migration-permissive environment is probably
also created in the context of large scale CNS inflamma-
tion in human patients with multiple sclerosis8,19 and in
animals with experimental autoimmune encephalomyeli-
tis9 where inflammation is typically associated with an
accumulation of DCs in the meninges or in the perivas-
cular cuffs centering demyelinating lesions. In SJL mice
with EAE, the encounter of DCs with blood-derived naive
T cells in perivascular cuffs is the dominant, and perhaps
even the only, possibility to activate a pathogenic T cell
population that drives epitope spreading and clinical re-
lapses.9,42 It remains open whether this is the only mech-
anism triggering relapses and epitope spreading cas-
cades observed in multiple sclerosis patients,8,43 since
the homing of brain-derived DCs to lymphatic organs
could provide a further element of risk leading to the de
novo induction of CNS antigen-specific T cell responses,
and to the reactivation of CNS antigen-specific memory T
cell responses. Both naive and memory T cells are found
in lymph nodes and spleens,44–46 and might even signif-
icantly differ from each other in their requirements for
activation by DCs.45,47,48,14 It also remains unresolved
whether the homing of brain-derived DCs to lymphatic
organs triggers CNS immunity at all. Alternatively, it could
provide a mechanism for the effective down-regulation of
tissue specific autoimmune responses, since both semi-
mature and mature DCs are migratory but differ in their T
cell activation patterns: Semimature DCs are actively
tolerogenic and induce antigen-specific IL-10�produc-
ing CD4� regulatory T cells, while mature DCs are unable
to mediate tolerance and induce T cell immunity
instead.34

Tissue-resident DCs were repeatedly shown to carry
fluorescent beads, dyes, or antigens to the spleen,15–18

and the DCs derived from our cultures readily take up
antigens like FITC-dextran and FITC-BSA. Unfortunately,
in the present study, we were unable to clarify whether
and to which extent CNS-derived DCs contribute to the
onset or progression of autoimmune CNS disease:
Since the number of brain-derived DCs found in the
spleens and lymph nodes after intrastriatal injections of
micDCs and bmDCs is extremely low, we would need a
suitable transgenic rat model harboring sufficiently
large numbers of CNS antigen-specific naive T cells in
the body to show whether or not these DsC are able to
activate CNS antigen-specific memory T cells outside
the CNS. Further studies are needed to specifically
address these issues.
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