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ABSTRACT

Interferon beta (IFN-�) is a key component of cellular innate immunity in mammals, and it constitutes the first line of defense
during viral infection. Studies with cultured cells previously showed that almost all nucleated cells are able to produce IFN-� to
various extents, but information about the in vivo sources of IFN-� remains incomplete. By applying immunohistochemistry
and employing conditional-reporter mice that express firefly luciferase under the control of the IFN-� promoter in either all or
only distinct cell types, we found that astrocytes are the main producers of IFN-� after infection of the brain with diverse neu-
rotropic viruses, including rabies virus, Theiler’s murine encephalomyelitis virus, and vesicular stomatitis virus. Analysis of a
panel of knockout mouse strains revealed that sensing of viral components via both RIG-I-like helicases and Toll-like receptors
contributes to IFN induction in the infected brain. A genetic approach to permanently mark rabies virus-infected cells in the
brain showed that a substantial number of astrocytes became labeled and, therefore, must have been infected by the virus at least
transiently. Thus, our results strongly indicate that abortive viral infection of astrocytes can trigger pattern recognition receptor
signaling events which result in secretion of IFN-� that confers antiviral protection.

IMPORTANCE

Previous work indicated that astrocytes are the main producers of IFN after viral infection of the central nervous system (CNS),
but it remained unclear how astrocytes might sense those viruses which preferentially replicate in neurons. We have now shown
that virus sensing by both RIG-I-like helicases and Toll-like receptors is involved. Our results further demonstrate that astro-
cytes get infected in a nonproductive manner under these conditions, indicating that abortive infection of astrocytes plays a pre-
viously unappreciated role in the innate antiviral defenses of the CNS.

Interferons (IFN) play a crucial role in antiviral defense. They are
produced within hours after viral infection of cells and act by

binding to specific cell surface receptors in an autocrine or
paracrine fashion, thereby inducing a signaling cascade that
leads to the induction of a large number of IFN-stimulated
genes (ISGs). ISGs can serve diverse functions and establish an
antiviral state (1).

Invading pathogens are detected by pattern recognition recep-
tors (PRRs). PRRs differ in their cellular localization and ligand
specificity. The two major receptor families, the cytoplasmic RIG-
I-like receptors (RLR) and membrane-bound Toll-like receptors
(TLR), control the induction of IFN upon RNA virus infection.
RLRs and the TLRs associated with the endosomal compartment
are mainly responsible for the detection of intracellular pathogens
such as viruses. Upon viral infection, PRRs are triggered by patho-
gen-associated molecular patterns (PAMPs), such as double-
stranded or tri-phosphorylated RNA. Downstream of RLRs, the
adaptor protein MAVS (mitochondrial antiviral-signaling pro-
tein) leads to the activation of various transcription factors that
confer enhanced expression of IFN genes. TLR3 signals through
the adaptor protein TRIF (TIR-domain-containing adapter-in-
ducing interferon-�), whereas all other TLRs share the common
adaptor protein MyD88 (myeloid differentiation primary re-
sponse gene 88).

The brain is a delicate organ, as the regeneration potential of its
cells is very limited. The brain is protected from invading infec-
tious agents by the blood-brain barrier. Nevertheless, it still en-

counters viral infections via different routes (2). IFN-based mech-
anisms can restrict viral replication in the brain (3). Using mice
lacking functional IFN receptors specifically on neuroectodermal
cells, it could be shown that a local IFN response in the brain is
required to block the spread of vesicular stomatitis virus (VSV)
(4). Interestingly, however, dedicated IFN producer cells such as
plasmacytoid dendritic cells are absent from the brain paren-
chyma (5). Thus, brain-resident cells must produce substantial
amounts of IFN after virus infection. It appears that all brain cells
are capable of producing IFN, although to greatly differing extents
(6, 7). Most experimental attempts to identify IFN-producing
cells in the brain have been in vitro approaches, and only a few of
those studies have given insights into the in vivo situation. Due to
quick secretion of IFN by the producer cells, it is intrinsically
difficult to identify the cellular sources of IFN in vivo. Thus, a clear
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picture of the identity of IFN-producing cells in the virus-infected
brain is still missing.

In a previous study (8) in which we employed reporter mice
harboring firefly luciferase under the transcriptional control of the
IFN-� promoter (9), it became clear that astrocytes are prominent
IFN-� producers during infection with La Crosse virus. This find-
ing was surprising because La Crosse virus preferentially infects
neurons, raising the issue of how astrocytes may sense the infec-
tion. It further remained unclear whether massive production of
IFN by astrocytes was a unique response of the brain to infection
with La Crosse virus or whether astrocytes should be regarded as
professional IFN-producing cells of the virus-infected brain.

By applying immunohistochemistry and employing condi-
tional-reporter mice that express firefly luciferase under the con-
trol of the IFN-� promoter in either all or only distinct cell types,
we found that astrocytes are the main producers of IFN-� after
infection of the brain with diverse neurotropic viruses, including
rabies virus (RABV), Theiler’s murine encephalomyelitis virus
(TMEV), and vesicular stomatitis virus (VSV). We addressed the
issues of whether detection of viral components by PRRs is neces-
sary to induce IFN-� in the brain and whether a nonproductive
infection of astrocytes could be responsible for IFN production.
The analysis of a panel of knockout mouse strains revealed that
sensing of viral components via both RIG-I-like helicases and
Toll-like receptors contributes to IFN induction in the virus-in-
fected brain. Using an in vivo approach to permanently mark in-
fected cells, we observed that a substantial number of astrocytes
must have transiently encountered virus during an early stage of
the infection. Taken together, our data strongly indicate that abor-
tive viral infection of astrocytes triggers pattern recognition recep-
tor signaling, which results in the secretion of IFN-�.

MATERIALS AND METHODS
Mice. All mice were handled in accordance with local animal welfare
regulation. The majority of mice were bred in the animal facility of the
Institute of Virology, University Medical Center Freiburg. Mavs-, Trif-,
and Myd88-deficient mice were bred in the animal facilities of the
Helmholtz Centre for Infection Research, Braunschweig, Germany, or
TWINCORE, Centre for Experimental and Clinical Infection Research,
Hanover, Germany. All mutant mice used were of the C57BL/6 genetic
background or were backcrossed onto the C57BL/6 background for at
least 10 generations. Reporter mice expressing firefly luciferase under the
control of the IFN-� promoter in all cell types (��-luc) (9) were used as
heterozygotes; i.e., they all carried one functional allele of the IFN-� gene.
Tissue-specific reporter mice were described in a report of previous
studies by our group (8). To generate conditional-reporter mice,
IFN-�flox-luc/flox-luc (10) mice were crossed to the following tissue-specific
Cre deleter strains: syn1-cre (11), addressing neurons; thy1-cre (12), ad-
dressing astrocytes and neurons; and lysM-cre (10, 13), addressing micro-
glia and macrophages. Tomatoflox mice harboring a floxed STOP cassette
upstream of a red fluorescent protein (tdTomato) gene (14) were ob-
tained from the Jackson Laboratory (stock no. 007914).

Viruses and infections. Mice were anesthetized and infected intracra-
nially by applying 10 �l of phosphate-buffered saline (PBS) containing
TMEV GDVII (15), RABV SAD L16 (16), or RABV SAD-Cre using a
Gilson precision pipette. RABV SAD-Cre was generated by introducing a
gene cassette encoding Cre recombinase between the G and L genes of
SAD L16. The cassette comprised a copy of the N/P gene transcription
stop/restart signal followed by the coding sequence of the recombinase.
The cassette was introduced into the HindIII restriction site located in the
G gene 3= untranscribed region (UTR) (position 5337 of SAD L16). The
Cre recombinase (GenBank accession no. X03453) was engineered to in-

clude a 5= terminal nuclear localization signal (NLS) (MVPKKKRKV) to
promote genomic recombination (NLS-Cre cDNA was kindly provided
by U. Koszinowski, Munich, Germany). Recombinant virus was recov-
ered employing standard reverse genetics technology (17). The infection
doses are specified in the respective figure legends. Intranasal infections of
RABV SAD carrying the G protein of the more neurotropic CVS strain
(SAD-GCVS) and of VSV were done by administrating 5-�l samples of
diluted virus stock into each nostril under anesthesia. Mice were eutha-
nized at various time points after infection with or without perfusion
before brains were harvested.

Luciferase activity. Whole brains or brain parts were homogenized in
PBS using 0.25-in.-diameter ceramic spheres and a FastPrep-24 instru-
ment (MP Biomedicals). Homogenates were mixed 1:5 with 5� passive
lysis buffer (Promega) and incubated for at least 30 min on ice. To deter-
mine the enzymatic activity of firefly luciferase, 10-�l samples of tissue
homogenate were added to 50 �l of luciferase substrate (luciferase assay
system; Promega) and light emission was measured in a luminometer
(Sirius; Berthold Technologies).

Virus titration. To determine TMEV GDVII titers, plaque assays were
performed using BHK-21 cells. Confluent cells in a 6-well plate were in-
fected with serial dilutions of brain homogenates and incubated for 1 h.
Next, the inoculum was replaced by Dulbecco’s modified Eagle’s medium
(Gibco, Life Technologies) containing 3% Avicel cellulose (FMC Bio-
Polymer) and 0.1% bovine serum albumin. Cells were incubated for 72 h
at 37°C. Supernatant was removed, and the cells were fixed by applying
4% paraformaldehyde (PFA) for 15 min. Plaques in the cell monolayer
were visualized by staining with crystal violet.

Immunofluorescence staining. Mice were sacrificed by intraperito-
neal injection of a lethal dose of Ketamin/Xylazin/Vetranquil. Whole-
animal perfusion was done via the left ventricle with 0.9% NaCl supple-
mented with 10 U/ml of heparin followed by 4% PFA. Brains were
removed and placed in 4% PFA for another 6 h at 4°C. For luciferase
staining, 50-�m-thick horizontal free-floating sections of brain tissue
were prepared using a Vibratom (Leica). Sections were treated with Per-
oxo-Block peroxidase inhibitor (Life Technologies) for 1 min followed by
three PBS washing steps. Blocking and permeabilization were done with
PBS containing 5% normal donkey serum and 0.1% Triton X-100 for 30
min. Antibody diluent comprised of PBS and 3% donkey normal serum
was used for all dilution steps. Brain slices were stained overnight at 4°C
with a rabbit anti-luciferase antibody (70C-CR2020RAP; Fitzgerald) and
simultaneously with mouse anti-glial fibrillary acidic protein (GFAP)
(G3893; Sigma-Aldrich) specific for astrocytes. To detect luciferase sig-
nals, an amplification step was performed using a Biotin-SP-conjugated
donkey anti-rabbit antibody (Jackson ImmunoResearch Laboratories)
followed by a tyramide signal amplification fluorescein system (Perkin-
Elmer) according to the manufacturer’s manual. For detection of
GFAP, a donkey anti-mouse DyLight549 secondary antibody (Jackson
ImmunoResearch Laboratories) was used.

After perfusion and postfixation, brains of Tomatoflox mice were sat-
urated successively with 15% and 30% sucrose overnight, embedded in a
cryomold with Tissue-Tek O.C.T. compound (Sakura Finetek), and fro-
zen with the help of a liquid nitrogen-cooled aluminum block. Tissue was
cut into 8-to-10-�m-thick sections using a Cryocut instrument (Leica)
and dried overnight at 37°C. After rehydration with PBS, sections were
treated with blocking reagent and permeabilized as described above.
Slides were stained overnight with rabbit serum against RABV-N (gift of
Stefan Finke, FLI, Germany), mouse anti-GFAP, or chicken anti-MAP2
(ab5392; abcam) followed by washing steps and incubation with the
respective Alexa Fluor 488 (Life Technologies) and Alexa Fluor 647
(Jackson ImmunoResearch Laboratories) secondary antibodies. All
slides were mounted with DAPI (4=,6-diamidino-2-phenylindole)
staining ImmunoSelect (IS) mounting medium (Dianova). Images
were acquired with a Zeiss AxioPlan 2 microscope (including Apo-
Tome) using AxioVision 4 software.
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Graphical and statistical analysis. Graphs and statistics were gener-
ated using GrapPad Prism software version 5.02.

RESULTS
Astrocytes are the main IFN-� producers during intracranial
infection of the brain with TMEV and RABV. To assess the con-
tributions of different cell types to IFN-� production after virus
infection of the brain, we used previously described reporter mice
that express firefly luciferase under the control of the IFN-� pro-
moter either in all cell types (��-luc) or in only neurons (syn1),
astrocytes and neurons (thy1), or microglia and macrophages
(lysM) (8, 9). We infected these reporter mice intracranially with
neurotropic TMEV strain GDVII, and, 3.5 days later, we deter-
mined luciferase activity in the brain homogenates. TMEV-in-
fected ��-luc mice showed high luciferase activity (Fig. 1A). In-
terestingly, thy1 reporter mice showed only marginally reduced
luciferase activity, whereas neuron-specific syn1 mice had lucifer-
ase activities only slightly above the background level seen with
uninfected mice (100 relative light units [RLU]/�l), suggesting
that astrocytes are responsible for about 73% of IFN-� production
in the TMEV-infected brain (Fig. 1B). The remaining luciferase
activity was due to microglia/macrophages (15.3%), neurons
(1.1%), and undefined other cell types (10.5%).

To visualize luciferase production by astrocytes, we performed
immunostaining experiments with a luciferase-specific antibody
and an antibody against glial fibrillary acidic protein (GFAP), an
astrocyte marker. The majority of luciferase-positive cells were
observed in the corpus callosum and the hippocampus of infected
brains (Fig. 1C). Colocalization of GFAP and luciferase was ob-
served in most cells, supporting our conclusion described above
that the majority of luciferase-positive cells are astrocytes (Fig. 1D).

As reported earlier (8), immunostaining experiments cannot pro-
vide truly quantitative data for several technical reasons. First,
GFAP does not mark all astrocytes of the brain. Second, our stain-
ing protocol has limited sensitivity and may fail to detect cells
which express luciferase at low levels. Third, unlike GFAP, which
is associated with distinct subcellular structures, luciferase accu-
mulates diffusely in the cytoplasm, which renders colocalization
studies notoriously difficult. Nevertheless, by measuring lucifer-
ase activity in brains of Cre recombinase-expressing mice and by
immunostaining for luciferase, we obtained similar data, strongly
indicating that astrocytes are the main producers of luciferase in
TMEV-infected reporter mice.

A similar picture was observed during infection of mice with
RABV strain SAD L16 (Fig. 2A). About 65% of the luciferase signal
in RABV-infected brains could be attributed to astrocytes,
whereas the microglia/macrophage compartment and neurons
played only minor roles, with contributions to the overall lucifer-
ase signal of 10.4% and 2.6%, respectively (Fig. 2B). Costaining
experiments confirmed that luciferase is mainly produced by
GFAP-positive astrocytes also in the case of RABV (Fig. 2C). How-
ever, the overall abundance of luciferase-positive cells was much
lower than in TMEV-infected brains.

Astrocytes are the major source of IFN-� in the olfactory
bulb after intranasal infection with RABV or VSV. To evaluate
the influence of the infection route on IFN-� production in the
central nervous system (CNS), we performed intranasal infections
with a recombinant RABV carrying the G protein of the more
neurotropic CVS strain (SAD-GCVS) and vesicular stomatitis virus
(VSV) strain Indiana, both of which can infect mice via the intra-
nasal route (4, 18). Rabies virus induced the luciferase reporter

FIG 1 Astrocytes are the main source of IFN-� during intracranial infection with TMEV. (A) Reporter mice in which the luciferase gene can be induced in all
cell types (��-luc), in astrocytes and neurons (thy1), in neurons only (syn1), or in microglia/macrophages (lysM) were infected with 104 PFU of TMEV GDVII,
and luciferase activities in samples of brain homogenate were measured at day 3.5 postinfection. Background levels for uninfected mice were usually around 100
relative light units (RLU) per �l. (B) The average contributions to luciferase activity of different cell types are shown as pie charts. The mean activity of global
��-luc reporter mice was set to 100%. Green � astrocytes, blue � microglia/macrophages, red � neurons, gray � contribution of unidentified cells. (C)
Luciferase-producing cells in the corpus callosum/hippocampus region were visualized by immunostaining. Most of the luciferase (luc)-producing cells were
identified as astrocytes by costaining for GFAP. (D) A single luciferase-positive cell is shown at higher magnification to better visualize colocalization with GFAP.
Bar � 10 �m.
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gene in all brain parts of ��-luc reporter mice, whereas reporter
gene expression in VSV-infected mice was restricted to the olfac-
tory bulb (data not shown). After rabies virus infection of cell
type-specific reporter mice, we observed that about 80% of the
luciferase activity in the olfactory bulb originated from astrocytes
and less than 10% from either neurons or microglia/macrophages
(Fig. 3A). Similarly, in the olfactory bulb of VSV-infected mice,
astrocytes were the major IFN-� producers (Fig. 3B). Taken to-
gether, these data clearly demonstrated that astrocytes are the pre-
dominant source of IFN-� in the virus-infected brain, irrespective
of the nature of the infecting virus and the route of infection.

TLR and RLR signaling contribute to TMEV-induced IFN-�
production in the brain. To investigate which pathogen-sensing
pathways contribute to IFN-� production in the brain, infection
experiments with TMEV GDVII were performed in IFN-� re-
porter mice lacking downstream components of either TLRs or
RLRs or both (Fig. 4). ��-luc/MAVS�/� mice, deficient in signal-
ing via RLRs, showed slightly but significantly reduced luciferase
signals in brain homogenates compared to wild-type mice (Fig.
4A). In TLR signaling-deficient ��-luc/MyD88�/�/Trif�/� mice
(Fig. 4A) as well as in the respective single-knockout mice (��-
luc/MyD88�/� and ��-luc/Trif�/� mice), no significant de-
creases in luciferase activity could be detected. However, viral ti-
ters (Fig. 4B) in brains of ��-luc/MyD88�/�/Trif�/� mice were

slightly higher than in wild-type controls, suggesting a moderate
impairment of the antiviral response in these mice. Reporter ac-
tivity was at the background level only in brain homogenates of
��-luc/MyD88�/�/Trif�/�/MAVS�/� triply deficient mice,
which lack functional RLR and TLR systems (Fig. 4A). These data
clearly indicated that both RLR-mediated signaling and TLR-me-
diated signaling contribute to IFN-� production in the TMEV-
infected brain.

Astrocytes transiently encounter virus during brain infec-
tion with RABV. TMEV, VSV, and RABV were previously re-
ported to predominantly infect neurons in mice (19–21). Never-
theless, our results presented above clearly indicated that
astrocytes rather than neurons are the main source of IFN-� in the
brain after infection with these viruses. We therefore hypothesized
that abortive infection of astrocytes might play a crucial role dur-
ing virus recognition by the innate immune system. To perma-
nently mark infected cells in the brain even in cases in which
infection was transient only, we used a Cre recombinase-express-
ing rabies virus (RABV-Cre) to infect tdTomatoflox reporter mice.
In these mice, a floxed STOP cassette prevents transcription of a
downstream red fluorescent protein variant (tdTomato) (14). Af-
ter intracerebral infection with this recombinant RABV, Cre re-
combinase was expressed in infected brain cells. As a consequence,
the STOP cassette was deleted, which resulted in permanent ex-

FIG 2 Astrocytes produce IFN-� in response to intracranial infection with RABV. (A) Reporter mice in which the luciferase gene can be induced in all cell types
(��-luc), in astrocytes and neurons (thy1), in neurons only (syn1), or in microglia/macrophages (lysM) were infected with 105 PFU of RABV strain SAD L16,
and levels of luciferase activity in samples of brain homogenate were measured at day 3.5 postinfection. (B) The average contributions of different cell types to
luciferase activity in brains of mice infected with RABV strain SAD L16 are shown as pie charts as explained in the legend to Fig. 1. (C) Luciferase-producing cells
in the hippocampus region were visualized by immunostaining and identified as astrocytes by costaining with GFAP (arrowheads). Bar � 50 �m. (D) A single
luciferase-positive cell is shown at higher magnification to better visualize colocalization with GFAP. Bar � 10 �m.
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pression of the tdTomato marker gene (Fig. 5A). Six days postin-
fection, a large number of tdTomato-positive brain cells were ob-
served (Fig. 5B), most of which were also positive for RABV
antigen (Fig. 5C). As expected, the vast majority of these doubly
positive cells expressed the neuron marker MAP2 (data not
shown). Importantly, a substantial number of cells in RABV-in-
fected brains were tdTomato positive and RABV antigen negative
(see boxes in Fig. 5B and C), as would be expected if some non-
productive virus infections had occurred. The antibody used to
detect RABV-N exhibited both high specificity and high sensitivity
in control experiments (data not shown), excluding the possibility
that the absence of a virus signal in these cells was simply due to
technical limitations. Costaining for the astrocyte marker GFAP
(Fig. 5D) revealed that the abortively infected cells were astrocytes.
Interestingly, 2 days earlier (at 4 days postinfection with RABV-
Cre), no tdTomato-positive cells had been observed, although
RABV antigen was abundantly present at that time point (data not

shown), indicating that Cre-mediated recombination is slower
than the expression of viral N protein in our infection model. We
noted that tdTomato-positive astrocytes were predominantly
found in the white matter and most frequently in or close to the
corpus callosum and the hippocampus (Fig. 5B), suggesting that
these particular astrocytes are more susceptible to virus infection
than astrocytes located in other brain regions.

Attempts to directly verify the hypothesis that the tdTomato-
positive astrocytes produce IFN-� were not successful (data not
shown). This was most likely due to differences in the kinetics of
virus-induced synthesis of IFN, which is a fast but usually tran-
sient process, and of Cre-mediated recombination and subse-
quent expression of the tdTomato reporter gene, which is a slow
but permanent process. Therefore, it is likely that virus-infected
astrocytes had stopped producing IFN-� by the time the tdTomato
reporter gene was expressed at detectable levels. Nevertheless,
these results clearly demonstrated that a substantial number of

FIG 3 Astrocytes are the main IFN-� producers in the olfactory bulb after intranasal infection with (A) RABV or (B) VSV. Global-reporter mice (��-luc), as well
as reporter mice specific for astrocytes and neurons (thy1), for neurons only (syn1), or for microglia/macrophages (lysM), were infected by the intranasal route
with (A) 106 PFU of RABV strain SAD-GCVS or (B) 103 PFU of VSV strain Indiana, and the luciferase activity of homogenates from the olfactory bulb was
determined at day 7 (RABV) or day 4 (VSV) postinfection. The average contributions of different cell types are shown as pie charts (see legend to Fig. 1).

FIG 4 Contribution of TLR and RLR signaling to TMEV-induced IFN-� production in the brain. Global-reporter mice lacking the indicated components of the
TLR or RLR signaling pathways were infected by the intracerebral route with 104 PFU of TMEV strain GDVII. At day 3 postinfection, brains were analyzed for
(A) luciferase activity and (B) virus titers. The dotted line shows average basal luciferase activity in brains of noninfected mice. Statistical analyses were performed
using the Mann-Whitney U test (**, P � 0.01; **, P � 0.001). WT, wild type.
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abortively infected astrocytes are present in rabies virus-infected
mouse brains. Based on the fact that the majority of abortively
infected astrocytes were located in a region of the hippocampus in
which luciferase-positive cells were usually detected (compare 5B
with Fig. 1C and 2C), it further seems likely that abortively in-
fected cells represent the main source of IFN-� in the virus-in-
fected mouse brains.

DISCUSSION

Previous work in our laboratories indicated that astrocytes are the
main producers of IFN after infection of the CNS with La Crosse
virus (8) or VSV (22), but how astrocytes might sense those vi-
ruses which preferentially replicate in neurons remained unclear.
In the current study, we extended this observation by demonstrat-
ing that TMEV and RABV, two other virus species that also selec-
tively replicate in neurons, showed the same behavior and prefer-

entially triggered IFN-� synthesis in astrocytes of infected mouse
brains. Thus, RNA viruses of different taxonomic families and
with largely different replication strategies that all preferentially
replicate in neurons are sensed by astrocytes, indicating that these
cells play a previously unappreciated role in innate antiviral de-
fenses of the CNS.

The brain possesses functional RLR and TLR systems (3, 23),
and constitutive expression as well as upregulation of both sys-
tems in response to virus infection was previously described for
astrocytes (24, 25). Using mice with defects in the known innate
signaling pathways, we analyzed which sensors might determine
IFN-� synthesis in the virus-infected brain. Although TMEV
GDVII was shown to induce IFN via signaling through MDA5 in
earlier studies (26), we noted that both the TLR and the RLR
pathways played important roles. Mice possessing only one of
these sensor systems responded surprisingly well. In contrast, only

FIG 5 Abortive RABV infection of astrocytes. (A) Cartoon showing Cre recombinase-expressing RABV and predicted Cre-mediated deletion of a STOP cassette
in Tomatoflox mice. (B and C) tdTomatoflox mice were infected with 105 PFU of Cre recombinase-encoding RABV. At day 6 postinfection, brain slices were
analyzed for expression of tdTomato (B) and RABV-N antigen (C). A section of the hippocampus is shown. (D) Double staining showed that dtTomato-positive
cells in the boxed areas of panels B and C represent GFAP-positive astrocytes. Bar � 20 �m.
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mice lacking both signaling pathways were unable to produce
IFN-� in response to challenge with TMEV. A similar observation
was made in a recent study with VSV in which both TLRs and
RLRs were found to be necessary to mount a protective IFN re-
sponse (27).

From the results of our earlier work with La Crosse virus, we
had postulated that abortive infection of astrocytes might trigger
IFN-� synthesis in the brain. This speculation was based on the
finding that the magnitude of the IFN response in astrocytes, but
not microglia, was influenced by the viral antagonistic factor NSs
(8). Since NSs of La Crosse virus inhibits the host IFN response
from within the infected cells by reducing the activity of cellular
RNA polymerase II (28), bona fide infection of astrocytes rather
than a simple contact of astrocytes with viral material seemed to
have occurred. However, since replication of La Crosse virus in
neurons is fulminant, it was technically impossible to distinguish
low-grade viral infection of astrocytes from nonspecific staining of
these cells due to uptake of viral antigens from infected neurons.

The recent generation of transgenic mice carrying inactive re-
porter genes that may be rendered transcriptionally active by Cre-
mediated recombination offers new experimental strategies to
permanently introduce genetic marks into cell populations which
are susceptible to infection by a Cre recombinase-encoding virus.
Here we used Tomatoflox reporter mice and a rabies virus express-
ing Cre recombinase to permanently mark infected cells. A sub-
stantial number of astrocytes of infected mouse brains could be
labeled under such experimental conditions. Importantly, the vast
majority of labeled astrocytes were negative for viral antigen by
classical immunostaining, strongly suggesting that rabies virus in-
fection of these cells was abortive. Thus, residual activity of the
viral polymerase during abortive infection appears to produce suf-
ficiently high levels of Cre recombinase for successful excision of
the STOP cassette.

We assume that transiently infected astrocytes are largely re-
sponsible for the synthesis of IFN-� in the infected brain. Indirect
evidence that the abortively infected astrocytes identified by the
tdTomato marker are responsible for IFN-� synthesis at early
times postinfection comes from their localization in the brain.
Tomato-positive astrocytes were mainly found in distinct patches
in the white matter of the brain, a location where the majority of
luciferase-positive cells are usually detected (see, for example, Fig.
1C). However, we were unable to directly prove this assumption
by visualizing enhanced luciferase levels in tdTomato-positive as-
trocytes. This was not unexpected given the fact that virus-in-
duced expression of the IFN-� gene is a transient process (at least
in abortively infected cells) that peaks at about day 3 postinfection,
whereas Cre recombinase-mediated excision of inhibitory DNA
and subsequent expression of the Tomato cassette take more than
4 days to become detectable in our system. On the one hand, this
unfavorable constellation is due to the relatively short in vivo half-
life of luciferase, which is only about 2 to 3 h (29, 30). On the other
hand, this also appears to be due to the intrinsically slow Cre-
mediated recombination in rabies virus-infected brain cells. Slow
recombination of a green fluorescent protein (GFP) reporter gene
was also observed in neurons infected with rabies virus expressing
Cre recombinase. In this case, GFP became visible only at day 15
postinfection, although high levels of viral RNA were already ob-
served at day 7 (31). It is conceivable that various cellular pro-
cesses, including nuclear import of host cell proteins, get altered in
rabies virus-infected cells, which might slow down Cre-mediated

recombination. Indeed, strongly dysregulated gene expression
was observed in neurons derived from rabies virus-infected
mouse brains (31).

Considering all our data, we propose that at least two different
PRR pathways must contribute to triggering IFN synthesis in as-
trocytes. First, IFN production in astrocytes seems to be due to
cytoplasmic detection of viral RNA via RLRs. These pathways
were previously shown to contribute to recognition of rabies virus
and TMEV strain GDVII (25, 26). Second, IFN production via
MyD88/Trif-dependent TLR signaling seems to play a role. In
particular, TLR3-mediated recognition was observed in the case of
the neurovirulent TMEV strains DA and BeNa (32, 33). Further,
TLR2 and TLR4 may get activated after infection with some vi-
ruses, including VSV (34–36). Viral PAMPs triggering these latter
pathways are most likely not nucleic acids but rather viral pro-
teins, such as the VSV glycoprotein (36). Third, IFN production
by astrocytes might result from recognition of damage-associated
molecular patterns or viral nucleic acids released from dying cells
that accumulate in the extracellular space. Extracellular RNA of
cellular or viral origin can be taken up by endocytosis and may
result in activation of TLRs, especially TLR3 but also RLRs (37).

In summary, our data clearly show that astrocytes represent the
major source of IFN-� in the virus-infected brain. Abortive infec-
tion of these cells most likely triggers PRR signaling, leading to the
secretion of IFN-�. Due to their specific location in the infected
brain, we provide hints that the tdTomato-positive astrocytes
might exhibit very high susceptibility to virus infection and, at the
same time, restrict viral replication particularly well. Such special
features appear to favor strong innate immune responses which
promote antiviral defense. We currently do not know whether the
subset of astrocytes identified here, which seem to play a key role
in pathogen defense, might possess some unique markers which
could be used to address them more easily in future studies.
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