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Abstract
Factors that regulate leukocyte entry and spread through CNS parenchyma during different types of
CNS insults are incompletely understood. Reactive astrocytes have been implicated in restricting the
spread of leukocytes from damaged into healthy parenchyma during the acute and local innate
inflammatory events that follow CNS trauma, but the roles of reactive astrocytes during the chronic
and widespread CNS inflammation associated with adaptive or acquired immune responses are
uncertain. Here, we investigated the effects of transgenically targeted ablation of proliferating, scar-
forming reactive astrocytes on the acquired immune inflammation associated with experimental
autoimmune encephalitis (EAE). In wild-type mice with EAE, we found that reactive astrocytes
densely surrounded perivascular clusters of leukocytes in a manner reminiscent of astrocyte scar
formation after CNS trauma. Transgenically targeted ablation of proliferating astrocytes disrupted
formation of these perivascular scars and was associated with a pronounced and significant increase
in leukocyte entry into CNS parenchyma, including immunohistochemically identified macrophages,
T lymphocytes and neutrophils. This exacerbated inflammation was associated with a substantially
more severe and rapidly fulminant clinical course. These findings provide experimental evidence
that reactive astrocytes form scar-like perivascular barriers that restrict the influx of leukocytes into
CNS parenchyma and protect CNS function during peripherally initiated, acquired immune
inflammatory responses in the CNS. The findings suggest that loss or disruption of astrocyte functions
may underlie or exacerbate the inflammation and pathologies associated with autoimmune diseases
of the CNS, including multiple sclerosis.

Introduction
Inflammation is a prominent feature of many disorders of the CNS. It can be initiated in
numerous ways and exhibit a wide variety of different characteristics. For example, CNS
inflammation triggered after trauma is locally restricted and predominantly resolves over time
in the absence of secondary infection (Bush et al., 1999; Schnell et al., 1999; Donnelly and
Popovich, 2008). Alternatively, CNS inflammation that is triggered peripherally by
autoimmune events tends to be widespread and continuous or recurring (Raine et al., 1980;
Adams et al., 1989; McFarland and Martin, 2007). Understanding the factors that regulate the
entry and spread through CNS parenchyma of different types of leukocytes during different
types of CNS disorders will be fundamental to developing appropriate treatment strategies.
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CNS resident cells, including astrocytes, are increasingly recognized as playing central roles
in regulating leukocyte trafficking and inflammation in the CNS. The ability of astrocytes in
vitro to produce a wide variety of proinflammatory chemokines and cytokines, and various
reactive oxygen species (ROS) suggests that they may act as proinflammatory mediators (Dong
and Benveniste, 2001; Chen and Swanson, 2003; Farina et al., 2007; Nair et al., 2008).
Nevertheless, equally strong in vitro evidence suggests that astrocytes may serve to mitigate
or restrict inflammation by producing anti-inflammatory cytokines and ROS scavengers
(Aloisi et al., 1997; Dong and Benveniste, 2001; Dringen and Hirrlinger, 2003; Nair et al.,
2008). Thus, astrocytes, which are intimately associated with and signal to blood vessels
(Iadecola and Nedergaard, 2007), also have the molecular machinery to play complex roles in
regulating leukocyte trafficking in the CNS (John et al., 2005). This notion is further supported
by additional lines of evidence, which on the one hand implicate astrocytes as key players in
locally triggered innate proinflammatory responses after CNS trauma and stroke (Farina et al.,
2007), and on the other hand show that scar-forming reactive astrocytes form essential barriers
that restrict leukocyte migration from areas of damaged tissue into neighboring healthy tissue
during acute and locally restricted innate inflammation after CNS trauma (Bush et al., 1999;
Faulkner et al., 2004; Myer et al., 2006; Okada et al., 2006; Herrmann et al., 2008) or stroke
(Li et al., 2008).

Reactive astrocytosis is also a prominent feature of the chronic and widespread adaptive
immune inflammation of the CNS that occurs during conditions such as experimental
autoimmune encephalomyelitis (EAE) and multiple sclerosis (MS) (Eng et al., 1970, 2000;
Liedtke et al., 1998), but the roles of reactive astrocytes in regulating leukocyte trafficking in
CNS parenchyma during peripherally initiated, adaptive or acquired immune CNS
inflammation in vivo are not well understood. In this study we used a well characterized model
for the transgenically targeted ablation of proliferating, scar-forming reactive astrocytes (Bush
et al., 1999; Faulkner et al., 2004; Myer et al., 2006) to investigate the roles of these cells during
the acquired autoimmune inflammation associated with EAE induced by peripheral inoculation
with a myelin associated peptide (Liu et al., 2003; Jones et al., 2008).

Materials and Methods
Animals

All experiments were conducted using male mice. All mice used, including GFAP-TK
transgenic as well as nontransgenic, were derived from the same breeding colony backcrossed
onto a C57BL/6 background for >15 generations and maintained by mating heterozygous
GFAP-TK females of line 7.1 (Bush et al., 1998) with wild-type C57BL/6 males (Charles
River). Mice were genotyped by PCR and immunohistochemistry for HSV-TK. Mice were
housed in a 12 h light/dark cycle, allowed ad libitum food and water, and maintained in
accordance with guidelines set by the National Institutes of Health and as mandated by the
University of California Los Angeles Office for the Protection of Research Subjects and the
Chancellor’s Animal Research Committee.

EAE induction
Active EAE was induced by subcutaneous immunization with 300 μg of myelin
oligodendrocyte glycoprotein (MOG) peptide, amino acids 35–55, and 500 μg of
Mycobacterium tuberculosis in complete Freund’s adjuvant as previously described (Suen et
al., 1997; Liu et al., 2003). Mice were also injected intraperitoneally with Bordatella pertussis
toxin (Difco Laboratories) in PBS on day 0 and 2 following the first immunization. MOG 33–
55 was synthesized to >98% purity by Mimotopes. Mice (n = 7 per treatment group) were
monitored and scored daily for clinical disease severity according to the standard 0–5 EAE
grading scale: 0, unaffected; 1, tail limpness; 2, failure to right upon attempt to roll over; 3,
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partial paralysis; 4, complete paralysis; and 5, moribund as described previously (Liu et al.,
2003). The mean of the clinical scores of all mice within a given treatment group were
determined daily, thereby yielding the mean clinical score for that treatment group.

Experimental model for transgenic astrocyte ablation
To conditionally ablate dividing reactive astrocytes, we used GFAP-TK transgenic mice in
which thymidine kinase (TK) from the herpes simplex virus (HSV) was targeted to reactive
astrocytes using the mouse glial fibrillary acid protein (GFAP) promoter (Bush et al., 1998).
Treatment of these GFAP-TK mice with the antiviral agent ganciclovir (GCV) selectively and
specifically ablates dividing, reactive, GFAP-TK-expressing astrocytes (Bush et al., 1999) via
a noninflammatory apoptotic mechanism. Cells that express transgene-derived HSV-TK,
phosphorylate GCV, and pGCV disrupts DNA synthesis (Frank et al., 1984; Heyman et al.,
1989), thereby triggering apoptotic death of proliferating cells (Fischer et al., 2005). The
efficacy and specificity of the ablation of proliferating, scar-forming, reactive astrocytes using
these mice after CNS trauma and other insults has been demonstrated and confirmed in a
number of different studies (Bush et al., 1999; Faulkner et al., 2004; Myer et al., 2006).

GCV treatment
Ganciclovir (Cytovene Hoffman-La Roche) was administered in sterile physiological saline
as single subcutaneous injections given every second day at 25 mg/kg/every other day 7 d
before EAE induction and continued for the duration of the study.

Measurements of peripheral immune responses
Cytokine and chemokine profiles of immune cells were obtained as previously described (Liu
et al., 2003). Briefly, spleens were harvested after terminal anesthesia before perfusion.
Splenocytes were stimulated with MOG peptide 35–55 autoantigen at 25 μg/ml, and cell
proliferation assessed using standard H3 incorporation assays. Supernatants were collected
after 48 and 72 h, and levels of tumor necrosis factor α (TNFα), interferon γ (IFNγ), interleukin
5 (IL5), interleukin 6 (IL6), interleukin 2 (IL2), interleukin 4 (IL4), monocyte chemotactic
protein-1 (MCP-1), aurine macrophage inflammatory protein 1 α (MIP1α), and regulated upon
activation normal T-cell expressed and secreted (RANTES) were determined by cytometric
bead array (BD Biosciences).

Histological procedures
Mice were anesthetized by barbiturate overdose and perfused transcardially with ice-cold 0.9%
saline, followed by 10% formalin. Spinal cords were postfixed for 2 h and cryoprotected in
buffered 30% sucrose overnight. Some blocks of tissue were embedded in a 15% gelatin/
sucrose mix and were further postfixed and stored in 30% sucrose. Thirty or forty micrometer
transverse frozen sections were prepared using a cryostat microtome (Leica) and processed for
either bright-field or fluorescence immunohistochemistry. The following primary antibodies
were used: rabbit anti-HSV-TK (1:2000, Bush et al., 1998), rabbit anti-GFAP (1: 2000 or
1:20,000, Dako), rat anti-GFAP (1:2500, Millipore Bioscience Research Reagents), mouse
anti-Ki67 (1:1000, Vector Laboratories), rat anti-CD45 (1:2000, Millipore Bioscience
Research Reagents), rat anti-Ag4/7 (1:100, Serotec), rabbit anti-Iba1 (1:1000, Wako
Chemicals), rat anti-mouse CD-3 (1:1000, PharMingen), rat anti-myelin basic protein (MBP;
1:2000, Millipore Bioscience Research Reagents), and rabbit anti-APP (1:500, Abcam).
Bright-field immunohistochemistry was performed using biotinylated secondary antibodies
(Vector Laboratories), biotin–avidin–peroxidase complex (Vector Laboratories) and
diaminobenzidine (DAB, Vector Laboratories) as the developing agent. Fluorescence
immunohistochemistry was performed using Alexa Fluor-tagged secondary antibodies Alexa
488 (green), Alexa 568 (red), or Alexa 350 (blue) (Molecular Probes), or secondary antibodies
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conjugated to TRITC, FITC, and Cy5 (Vector Laboratories and Millipore Bioscience Research
Reagents). The nuclear stain, 4′,6′-diamidino-2-phenylindole dihydrochloride (DAPI; 2 ng/ml;
Molecular Probes), was used as a general cytological stain in fluorescence-stained sections.
Stained sections were examined and photographed using bright-field and fluorescence
microscopy (Zeiss), and scanning confocal laser microscopy (Leica).

Morphometric procedures and statistical evaluation
Immune and inflammatory cell counts were determined using unbiased sampling (Gundersen
et al., 1988) and stereological image analysis software (StereoInvestigator, MicroBrightField)
operating a computer-driven microscope regulated in the x–z axes (Zeiss) in a manner described
in detail previously (Faulkner et al., 2004). For cell density measurements, separate gray and
white matter areas were traced at low magnification in three randomly selected sections per
mouse in the lumbar spinal cord. In each section, sampling frames of 100 × 100 μm separated
by 100 μm were selected at random within each traced region by the image analysis software
and computer-driven stage. The number of positive cells per counting frame and per tissue
depth was determined at high magnification according to exclusion criteria of the stereology
program. The volume of the sampled tissue was calculated and final cell counts per gray or
white matter per animal were expressed as cells per cubic millimeter. Axon number was
determined in the dorsal column white matter using ImageJ software (NIH) analysis of particles
to discriminate individual NF200-stained axons. All statistical evaluations were performed by
ANOVA with post hoc, independent pairwise analysis (Prism, GraphPad).

Results
Transgenic astrocyte ablation during EAE

We began by testing whether our transgenic strategy for ablating scar-forming astrocytes in
GFAP-TK mice treated with GCV would be effective during EAE. We first examined the
specificity of the transgenic targeting of HSV-TK to astrocytes during EAE by using double
labeling immunohistochemistry for TK and GFAP. In agreement with previous studies (Bush
et al., 1999; Faulkner et al., 2004), essentially all cells that expressed detectable levels of TK
also expressed GFAP in EAE-induced GFAP-TK mice (Fig. 1A,B).

We next conducted pilot studies to identify a dose of GCV that would successfully ablate
proliferating scar-forming astrocytes in GFAP-TK mice with EAE. On the basis of these pilot
studies we selected an intermittent low-dose GCV treatment (25 mg/kg every other day) given
to GFAP-TK mice with EAE. The efficacy of this dosing combination was evaluated by using
immunohistochemistry for GFAP. In the spinal cords of healthy (non-EAE) mice, GFAP-
positive astrocytes were faintly stained and evenly distributed (Fig. 1C). Twenty-one days after
EAE induction in PBS-treated GFAP-TK mice, there was a robust reactive astrogliosis with a
visible increase in the amount of GFAP staining in both white and gray matter (Fig. 1D) in a
manner indistinguishable from the effects of EAE in wild-type C57BL/6 mice (data not shown).
Twenty-one days after EAE induction in GCV-treated GFAP-TK, there was a patchy, subtotal
loss of GFAP-positive astrocytes in many CNS regions, particularly in white matter (Fig.
1E).

To look for evidence of astrocyte proliferation induced by EAE we used double-staining
immunofluorescence for GFAP and the cell cycle marker, Ki67 (Brown and Gatter, 1990). In
healthy (non-EAE) mice, the spinal cord contained few Ki67-labeled proliferating cells and
proliferating astrocytes that were double stained with Ki67 plus GFAP were rare but could
occasionally be found (Fig. 1F). In PBS-treated GFAP-TK mice harvested 21 d after induction
of EAE, there were many Ki67-labeled cells proliferating cells, particularly in white matter
(Fig. 1G), and a subset of these cells were proliferating astrocytes that were double stained
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with both Ki67 and GFAP, particularly in white matter (Fig. 1G,H). In GFAP-TK mice
harvested after 21 d of combined GCV treatment and EAE, there were few or no proliferating
astrocytes that were double stained for Ki67 plus GFAP (Fig. 1I), and it is noteworthy that
despite visible astrocyte loss these mice continued to exhibit many nondividing astrocytes
throughout gray and white matter (Fig. 1I), and that astrocyte loss severe enough to be visibly
detectable occurred in patches (Fig. 1E).

We next looked for potential confounds that might influence the interpretation of results
obtained using the GFAP-TK plus GCV transgenic model for astrocyte ablation in EAE.
Necropsy of abdominal organs showed that GFAP-TK mice given the low intermittent dosing
regimen of GCV, either with or without EAE, did not exhibit any detectable visceral pathology
as noted previously with an eightfold higher continuous dosing regimen of GCV (Bush et al.,
1998). In agreement with previous studies, GFAP-TK mice that received the low intermittent
dosing regimen of GCV treatment for 21 d, but which were not induced with EAE, exhibited
no detectable effects on astrocytes stained by immunohistochemistry for GFAP, because
astrocytes rarely proliferate in normal, healthy adult mice (Bush et al., 1999). Last, EAE was
clinically and histopathologically indistinguishable among three control groups: (1) wild-type
mice without GCV, (2) wild-type mice with GCV, and (3) GFAP-TK mice not given GCV.
We therefore used this regimen of GCV treatment to examine the effects of conditional ablation
of proliferating reactive astrocytes on the clinical course and histopathology of EAE.

Exacerbation of EAE clinical signs by astrocyte ablation
GFAP-TK mice given vehicle (PBS) but not given GCV exhibited a moderate EAE course
indistinguishable from that in wild-type C57BL/6 mice, in which the mice reached a plateau
and were clinically stable at grades 2–3. These mice did not become moribund and did not
require euthanasia (Fig. 2). In contrast, GFAP-TK mice given GCV to ablate proliferating
reactive astrocytes exhibited a rapid, acute EAE course that was significantly more severe (p
<0.001), in which mice reached clinical grades of 4.5 and higher, became paralyzed or
moribund, and were killed by day 21 after EAE induction (Fig. 2). GFAP-TK mice given GCV
but not induced with EAE exhibited no detectable clinical signs (Fig. 2).

No difference in peripheral immune modulation in EAE with astrocyte ablation
Peripheral immune responses play a primary role in the induction of CNS inflammation in
EAE (Mokhtarian et al., 1984). We therefore examined whether any differences observed in
GCV-treated GFAP-TK mice with EAE might be due to an effect on the peripheral immune
system. To do so, we assessed the immune responses of splenocytes upon ex vivo stimulation
with autoantigen, MOG 35–55 peptide. We found no significant differences in autoantigen-
induced production of cytokines (TNFα, IFNγ, IL5, IL6, and IL2) or chemokines (MCP-1,
MIP1α, and RANTES) by splenocytes from GCV-treated GFAP-TK mice with EAE compared
with splenocytes from PBS-treated GFAP-TK mice with EAE (Table 1). There was also no
significant difference in splenocyte cell proliferation in PBS-treated GFAP-TK mice [19,851
± 1784 counts per minute (cpm)] compared with GCV-treated GFAP-TK mice (21,143 ± 2410
cpm; p > 0.05).

Increased inflammation in EAE with astrocyte ablation
We next qualitatively and quantitatively evaluated CNS inflammation in the spinal cords of
mice from different experimental groups 21 d after induction of EAE. To do so we used
immunohistochemistry for markers of microglia and different types of leukocytes, alone and
in various combinations with staining for astrocytes and cytological markers. Initial
observations were made using fluorescent double staining with GFAP and the cytological
marker, DAPI. As expected, spinal cords of mice with EAE exhibited a characteristic
cytological appearance associated with autoimmune CNS inflammation (Raine et al., 1980),
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with widespread, randomly distributed patches of increased cellularity and many dense
perivascular cell clusters (Fig. 3A1). Double-stained sections revealed that areas of increased
cellularity were associated with a prominent reactive astrogliosis (Fig. 3A2) and that all
perivascular cell clusters were surrounded by intensely stained GFAP-positive astrocytes and
their cell processes (Fig. 3A1–A3). In GCV-treated GFAP-TK mice with EAE, there was a
qualitative appearance of greater and more widespread parenchymal infiltration of DAPI-
stained cells (Fig. 3B1). Double-stained sections showed an inverse relationship of DAPI and
GFAP staining, such that areas of pronounced cellularity corresponded to areas of low density
of GFAP-positive astrocyte processes (Fig. 3B1–B3). These findings were consistent with the
notion that the inflammatory response in CNS tissue during EAE was exacerbated by ablation
of proliferating reactive astrocytes.

To compare more specifically the nature and level of CNS inflammation that occurred in mice
with either EAE or EAE plus astrocyte ablation, we began with a qualitative evaluation of
immunohistochemistry for CD45, a global marker of all inflammatory cells including microglia
and different types of leukocytes, including macrophages and T lymphocytes (Charbonneau
et al., 1988). In healthy (non-EAE) mice, CD45 staining was faint and limited to small, finely
branched, quiescent microglia in both gray and white matter (Fig. 4A,D,G,J). CD45-positive
cells with the globoid appearance of leukocytes or microglial-derived macrophages were rare
in normal, healthy CNS parenchyma. By comparison, mice with EAE exhibited a widespread
increase in CD45 staining in both the gray and white matter, a large proportion of which was
associated with highly branched microglia that appeared to be hypertrophied and more
numerous than in normal mice (Fig. 4B,E,H). In addition, mice with EAE exhibited many
randomly distributed patches of globoid CD45-immunoreactive cells resembling leukocytes
or microglial-derived macrophages, either in perivascular clusters or scattered in the
parenchyma (Fig. 4B,E,H,K). Mice with EAE plus astrocyte ablation exhibited an even more
intense CD45 staining in both the gray and white matter, and a far greater proportion of this
staining appeared associated with large globoid CD45-immunoreactive cells (Fig. 4C,F,I,L).
It is noteworthy that far more globoid CD45-positive cells were distributed in the parenchyma,
with fewer in dense perivascular clusters, compared with EAE mice (Fig. 4I,L). These findings
provided qualitative evidence that the inflammatory response associated with EAE was
exacerbated in mice with ablation of proliferating reactive astrocytes.

To compare quantitatively the inflammatory changes in mice with EAE and EAE plus astrocyte
ablation, we determined the relative tissue densities of CD45-positive cells with typical
morphological appearances of (1) branching, ramified microglia (Fig. 5A,B) and (2) globoid
inflammatory cells (Fig. 5C,D) using an automated, computer-assisted, and unbiased
stereological sampling procedure. Spinal cord tissue of healthy mice exhibited many branching
microglia but only rare examples of globoid inflammatory cells (Fig. 5B,D). By comparison,
mice with EAE exhibited a significant doubling in the density of CD45-positive branching
microglia, and a significant more than 5-fold or 10-fold increase in CD45-positive globoid
inflammatory cells in gray and white matter, respectively (Fig. 5B,D). In mice with EAE plus
astrocyte ablation, the number of CD45-positive branching microglia did not differ
significantly from that in mice with EAE alone (Fig. 5B), but the number of CD45-positive
globoid inflammatory cells was markedly and significantly increased by more than double in
gray and white matter (Fig. 5D). Together these findings provided quantitative evidence that
the inflammatory response triggered by EAE was significantly exacerbated in mice with
ablation of proliferating reactive astrocytes.

Increased CNS entry of multiple types of leukocytes in EAE with astrocyte ablation
To identify specific types of inflammatory cells involved in the increased inflammation in CNS
parenchyma in mice with EAE plus astrocyte ablation, we used immunohistochemistry for
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markers of specific leukocyte populations: Iba1 for monocytes/macrophage lineage cells
(including microglia) (Ahmed et al., 2007), CD3 for T lymphocytes (von Boehmer, 1988), and
Ag4/7 for neutrophils (Hirsch and Gordon, 1983).

Staining with Iba1 clearly identified the widespread distribution of finely branching microglia
and confirmed the essential absence of globoid monocytes or macrophages in the CNS
parenchyma of normal mice (Fig. 6A,D,G). In mice with EAE, Iba1 staining confirmed a
pronounced increase in the number of branched microglia as noted with CD45 staining in both
gray and white matter (Fig. 6B,E,H) and showed that many of the globoid CD45-positive cells
in perivascular clusters were monocytes or macrophages (Fig. 6H) derived either from
leukocyte infiltration or from local microglia. In mice with EAE plus astrocyte ablation, there
was a further qualitatively obvious increase in the number of cells stained with Iba1 compared
with EAE mice (Fig. 6C,F,I) with a much more widespread distribution of Iba1-positive
globoid macrophages in the parenchyma, particularly in white matter (Fig. 6C,I).

Staining with CD3 and quantitative evaluation using an automated, computer-assisted, and
unbiased stereological sampling procedure (Fig. 7), confirmed that T lymphocytes were rare
in the CNS parenchyma of healthy mice. Mice with EAE exhibited significantly more CD3-
stained T lymphocytes in both gray and white matter relative to healthy mice (Fig. 7A,C), and
most of these cells were located in perivascular clusters, with few cells scattered in the
parenchyma, particularly in white matter (Fig. 7A). By comparison, mice with EAE plus
astrocyte ablation exhibited a further pronounced and significant increase in the number of T
lymphocytes in white but not gray matter relative to mice with EAE alone (Fig. 7B–D) and a
much more widespread distribution of CD3-positive T lymphocytes in the white matter
parenchyma (Fig. 7B,D).

Staining with Ag4/7 confirmed the absence of neutrophils from CNS parenchyma of healthy
mice (data not shown). In mice with EAE, Ag4/7 staining showed the occasional presence of
neutrophils, most commonly in perivascular clusters together with other leukocytes (Fig.
8A1,A2). In mice with EAE plus astrocyte ablation, Ag4/7-stained neutrophils were markedly
more numerous and were more frequently found distributed in the parenchyma (Fig.
8B1,B2).

Together these findings showed that the quantitative increase in CNS inflammation observed
with CD45 staining in mice with EAE plus astrocyte ablation (Fig. 5), was due to the increased
spread in CNS parenchyma of at least three different kinds of inflammatory cells and leukocytes
including macrophages, T lymphocytes, and neutrophils.

Perivascular astrocytes are critical barriers to leukocytes during EAE
We next examined more closely the relationship between reactive astrocytes and leukocytes
in CNS parenchyma during EAE and EAE plus astrocyte ablation, by using various
combinations of multicolor fluorescence staining together with the cytological stain, DAPI, in
combination with immunohistochemistry for GFAP alone or with different leukocyte markers.
As noted above, mice with EAE exhibited a prominent reactive astrogliosis in areas with
inflammatory cell infiltrates (Fig. 3A1–A3). On closer examination, there was a clear
anatomical juxtaposition of groups of highly reactive and hypertrophied astrocytes around all
perivascular clusters of inflammatory cells, such that the cell processes of reactive astrocytes
appeared to surround and wall off the cluster. This observation was consistently and
ubiquitously noted in all tissue stained for GFAP and DAPI (Figs. 3A1–A3, 9A1–A3) as well
as for GFAP and DAPI in combination with the pan leukocyte marker CD45 (Fig. 10A) or
markers for monocytes/macrophages (Fig. 10C), T lymphocytes (Fig. 10E), and neutrophils
(Fig. 8A1,A2). Moreover, the groups of highly reactive astrocytes that surrounded perivascular
clusters of leukocytes during EAE had many overlapping processes (Figs. 8–10) and were
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reminiscent in appearance of proliferating reactive astrocytes that form scars long the borders
of damaged tissue after CNS trauma (Faulkner et al., 2004; Herrmann et al., 2008). In mice
with EAE plus selective ablation of proliferating reactive astrocytes, despite the presence of
many nonproliferating astrocytes in a scattered distribution (Figs. 1E,I, 3B2), there was a
pronounced reduction in densely packed formations of astrocytes in perivascular regions and
this reduction occurred in conjunction with (1) a pronounced reduction in the perivascular
clustering of leukocytes and (2) a pronounced increase and widespread distribution of
inflammatory cells and leukocytes in the surrounding CNS parenchyma (Figs. 8–10). Again,
this observation was consistently and ubiquitously noted in all tissue stained for GFAP and
DAPI (Figs. 3B1–B3, 9B1–B3) as well as for GFAP and DAPI in combination with the pan
leukocyte marker CD45 (Fig. 10B) or markers for monocytes/macrophages (Fig. 10D), T
lymphocytes (Fig. 10F), and neutrophils (Fig. 8B1,B2). Together, these observations suggest
that reactive astrocytes form scar-like perivascular barriers to leukocytes that restrict leukocyte
to perivascular clusters and limit entry into CNS parenchyma during EAE.

Demyelination and axon pathology in EAE with astrocyte ablation
We next looked for potential changes that might compromise neural function. Demyelination
is a feature of EAE histopathology (Raine et al., 1980; Suen et al., 1997; Morales et al.,
2006; Tiwari-Woodruff et al., 2007). We therefore compared the appearance of myelin in our
experimental groups using histochemical staining with the myelin stain, Luxol fast blue (LFB),
and immunohistochemistry for myelin basic protein (MBP). In comparison with healthy mice
(Fig. 11A,D), mice with EAE exhibited demyelination throughout the white matter as shown
by patchy decreases in both LFB and MBP staining (Fig. 11B,E). Mice with EAE plus astrocyte
ablation also exhibited a pronounced patchy demyelination throughout the white matter (Fig.
11C,F) in a manner at least as severe or worse than that observed in with mice with EAE alone.
Considerable evidence also now indicates that axonal injury is prominent in MS and EAE
(Ferguson et al., 1997; Trapp et al., 1998, 1999; Wujek et al., 2002), and suggests that axonal
injury may play an important part in progression of clinical signs (De Stefano et al., 2003;
Sastre-Garriga et al., 2005). We therefore evaluated potential axonal pathology by using
immunohistochemistry for the axonal marker NF200 and for amyloid precursor protein (APP),
a prototypical marker of axonal damage in MS and EAE (Ferguson et al., 1997; Trapp et al.,
1998; Wujek et al., 2002). In comparison with healthy mice (Fig. 12A1–A3), mice with EAE
exhibited numerous APP-positive axons and a significant reduction in the total number of
NF200-positive axonal profiles in the dorsal columns (Fig. 12B1–B3,D). In comparison with
mice with EAE alone, mice with EAE plus astrocyte ablation exhibited a further significant
reduction in the number of NF200-positive axonal profiles in the dorsal columns and had at
least as many APP-positive axonal profiles (Fig. 12C1–C3,D). Together these findings suggest
a more severe degree of neuronal pathology in mice with EAE plus astrocyte ablation.

Discussion
In this study we conducted a loss of function experiment based on cell deletion, to identify
roles of scar-forming reactive astrocytes during peripherally initiated, adaptive or acquired
immune inflammation of the CNS. To do so, we used a well characterized transgenically
targeted strategy for the apoptotic ablation of proliferating reactive astrocytes, in combination
with EAE, a classic model of an in vivo acquired autoimmune inflammatory challenge to the
CNS. Our findings show that during EAE, reactive astrocytes form scar-like barriers that serve
to restrict leukocytes to perivascular clusters and limit the infiltration of leukocytes into
adjacent CNS parenchyma (Fig. 13A). Our experimental disruption of this scar-like barrier led
to widespread parenchymal inflammation (Fig. 13B) and a markedly more severe clinical
course. These findings demonstrate a novel barrier function for scar-forming reactive
astrocytes during peripherally initiated, acquired immune CNS inflammation and suggest that
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the loss or disruption of this barrier function of reactive astrocytes may contribute to the
neuropathology associated with autoimmune conditions such as multiple sclerosis (MS) and
related disorders.

Reactive astrocytes form scar-like perivascular barriers to leukocytes during EAE
The aggregation of extravasated immune and inflammatory cells into perivascular clusters
(often referred to as “perivascular cuffs”) is a hallmark of primary CNS inflammatory
conditions such as EAE, MS, and viral encephalitis (Raine et al., 1980; Adams et al., 1989;
Gareau et al., 2002; Kurt-Jones et al., 2004), but the cellular mechanisms that lead to the
formation of these perivascular leukocyte clusters and their significance are elusive. Our
findings provide experimental evidence for a novel functional paradigm whereby reactive scar-
forming astrocytes form perivascular barriers that serve to restrict extravasated leukocytes to
perivascular clusters during adaptive or acquired immune CNS inflammatory challenges and
limit their spread into adjacent CNS parenchyma.

Astrocyte scars that form around areas of damaged and inflamed tissue after traumatic injury
to the CNS are well known for their inhibitory effects on axon migration (Silver and Miller,
2004) and have also been shown to limit the spread of inflammatory cells from damaged areas
into neighboring healthy tissue (Bush et al., 1999; Faulkner et al., 2004; Sofroniew, 2005;
Okada et al., 2006; Herrmann et al., 2008). Our findings here show (1) that dense profiles of
reactive astrocytes form around perivascular clusters of extravasating inflammatory leukocytes
during EAE in a manner reminiscent of astrocyte scar formation around areas of CNS trauma,
and (2) that transgenically targeted ablation of these perivascular reactive astrocytes leads to
widespread parenchymal infiltration of inflammatory cells. These findings provide direct
experimental evidence that scar-forming reactive astrocytes form neuroprotective barriers to
immune and inflammatory leukocyte infiltration not only during centrally initiated, innate CNS
inflammation after trauma as shown previously, but also during peripherally initiated, adaptive
or acquired immune CNS inflammation as shown here.

These findings add to the accumulating evidence that astrocytes play important roles in the
regulation of leukocyte trafficking in CNS tissue and suggest that their functions are complex
and likely to be context dependent, and cannot be regarded as uniformly proinflammatory or
anti-inflammatory (John et al., 2005; Sofroniew, 2005; Nair et al., 2008; Qin et al., 2008). One
simple model of potential astrocyte roles that is parsimonious with most available evidence, is
that locally activated astrocytes can take part both in attracting inflammatory cells to specific
sites and in restricting inflammatory cells to those sites by limiting their spread into adjacent
healthy CNS parenchyma. Because CNS inflammation can be initiated not only by local events,
but also peripherally by infection, autoimmune inoculation or molecular mimicry (Sospedra
and Martin, 2005), and because, as shown here, astrocytes can exert regulatory functions in
both cases, such a model has interesting implications for understanding how astrocytes might
respond to a peripherally initiated autoimmune inflammatory challenge that has widespread
effects; and may provide novel insights into certain disease mechanisms. For example, during
autoimmune inflammation, astrocytes may be activated in a manner and time course so as to
contribute to the attraction of immune and inflammatory cells to perivascular regions while at
the same time attempting to restrict their infiltration into neighboring CNS parenchyma.

Methodological considerations
The GCV-mediated death of TK-expressing cells is driven by noninflammatory apoptotic
pathways (Fischer et al., 2005). Numerous studies ablating different cell types using the HSV-
TK + GCV transgenic strategy (Borrelli et al., 1989; Canfield et al., 1996), including
oligodendrocyte progenitors in the CNS (Mathis et al., 2000; Jalabi et al., 2005), have shown
that this method of cell ablation on its own does not cause inflammation in vivo. In uninjured

Voskuhl et al. Page 9

J Neurosci. Author manuscript; available in PMC 2009 October 27.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



GFAP-TK mice of the transgenic strain used in the present study, the HSV-TK + GCV-
mediated ablation of proliferating GFAP-expressing adult neural stem cells does not result in
inflammation (Garcia et al., 2004). Targeting HSV-TK + GCV to microglia attenuates both
the clinical response to EAE and the infiltration of T lymphocytes (Heppner et al., 2005), which
is the opposite effect to that observed after ablation of astrocytes during EAE in the present
study and indicates that the HSV-TK + GCV ablation procedure does not simply on its own
induce nonspecific inflammation. Furthermore, inhibiting reactive astrogliosis by conditional
deletion of the intracellular signaling molecule, STAT3, results in increased inflammation after
spinal cord injury (Okada et al., 2006; Herrmann et al., 2008) in a manner that is similar to
HSV-TK + GCV-mediated astrocyte ablation (Faulkner et al., 2004) but does so by attenuating
rather than ablating reactive astrocytes. Together, these observations argue strongly that the
increased inflammation we observe after ablating proliferating reactive scar-forming astrocytes
is due to the selective loss of these specific cells and to the consequent loss of effects that they
exert, rather than to a nonspecific response to the nonspecific death of any cell type in the CNS
triggered by the cell ablation strategy.

Protective role of perivascular astrocyte scar formation
The pronounced exacerbation of CNS inflammation that we observed after ablation of scar-
forming astrocytes in EAE was associated with a substantially more severe clinical course as
well as with evidence of severe axonal pathology in white matter. Axonal pathology is
prominent in both MS and EAE, and the severity of inflammation is thought to be related to
the level of axonal degeneration (Ferguson et al., 1997; Trapp et al., 1998, 1999; Wujek et al.,
2002). Chronic deficits in MS patients have been reported to correlate with axonal loss (De
Stefano et al., 2003; Sastre-Garriga et al., 2005), and EAE induced in transgenic mice that
express yellow fluorescent protein (YFP) in neurons revealed that a loss in YFP fluorescence
correlated with immune cell infiltration (Shriver and Dittel, 2006). A growing body of evidence
also indicates that different kinds of inflammatory cells can directly mediate axonal damage,
including lymphocytes (Shriver and Dittel, 2006; Howe et al., 2007; Howe, 2008) and
macrophage/microglia lineage cells (Horn et al., 2008). Other evidence is accumulating that
both astrocytes and astroglioma cells can exert direct, potent anti-inflammatory effects on
microglia, macrophages, and other inflammatory cells both in vitro and in vivo, via mechanisms
that at least in part involve JAK-STAT signaling (Karaosmanoglu et al., 1996; Walker et al.,
2003; Min et al., 2006; Herrmann et al., 2008; Kostianovsky et al., 2008). Our observations
here are compatible with, and extend these previous findings by providing experimental
evidence that scar-forming reactive astrocytes protect CNS tissue and function by limiting the
spread of immune and inflammatory leukocytes into CNS parenchyma during acquired
autoimmune CNS inflammation.

Reactive astrocyte roles in EAE and MS
The basic process of reactive astrogliosis has long been regarded as primarily detrimental in
MS and EAE, and reactive astrocytes have in some cases been proposed as potential mediators
in the effector phase of EAE (Girvin et al., 2002). However, it has also been known for some
time that mice developmentally lacking the astrocyte structural protein GFAP (gfap−/−) exhibit
a more severe course of EAE (Liedtke et al., 1998). Recent evidence also indicates that mice
lacking the heat shock protein αB-crystallin (Cryab−/−) exhibit more severe clinical EAE and
increased CNS inflammation in combination with an increased apoptosis of astrocytes
(Ousman et al., 2007). Although the Cryab−/− was not targeted to a specific cell type, the
findings are consistent with the idea that a loss of astrocyte functions may exacerbate
inflammation and clinical severity in EAE. Nevertheless, numerous findings suggest potential
proinflammatory roles for reactive astrocytes (Dong and Benveniste, 2001; Chen and Swanson,
2003; Farina et al., 2007; Nair et al., 2008) and inhibition of astroglial NfkB has recently been
reported to improve functional outcome in EAE (Brambilla et al., 2009). These observations
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are not incompatible with our observations here or with the notion that reactive astroglia may
serve both to attract inflammatory cells to specific CNS sites and at the same time limit their
migration away from those sites (Sofroniew, 2005). Our findings here argue that normally
functioning, scar-forming reactive astrocytes exert a beneficial role in EAE and MS by acting
to restrict extravasated leukocytes to perivascular clusters and thereby reduce the infiltration
of immune and inflammatory leukocytes into adjacent CNS parenchyma. This idea is supported
by recent clinical evidence that the majority (>90%) of patients with neuromyelitis optica, a
CNS inflammatory disease with similarities to MS, have autoantibodies to aquaporin-4, a
molecule expressed in the CNS only on astrocyte foot processes (Lennon et al., 2005), and that
the severity of clinical signs and spinal cord lesions in such patients correlate with aquaporin-4-
specific antibody titers (Takahashi et al., 2007). Together, these observations suggest that a
loss or disruption of barrier functions of scar-forming reactive astrocyte may represent a
pathophysiological mechanism that could precipitate or exacerbate CNS pathology in acquired
immune inflammatory disorders of the CNS such as MS or related conditions.
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Figure 1.
Verification of strategy for transgenic ablation of proliferating astrocytes during EAE. A–I,
Single- or two-color immunofluorescence for GFAP (green, A–I) and either transgene derived-
TK (red, A–E) or the cell cycle marker, Ki67 (red, F–I) in mouse spinal cord. A, B, Survey
and detail images show that in EAE-induced GFAP-TK transgenic mice treated with PBS (EAE
+ TK/PBS), all TK-expressing cells also express GFAP. Note that TK staining is prominent
in astrocyte cell bodies, whereas GFAP is distributed primarily in cell processes. C–E, Survey
images of thoracic spinal cord from GFAP-TK mice that were healthy (C) or induced with
EAE and given either PBS (D) or GCV (E) to ablate proliferating, transgene-expressing
astrocytes (EAE + TK/GCV). Note that GFAP staining is increased in EAE + TK/PBS (D)
relative to healthy (C) and reduced in a patchy manner in EAE + TK/GCV (E) relative to EAE
+ TK/PBS (D), particularly in white matter. F, G, Survey images show that there are few
proliferating, Ki67-positive cells in a healthy mouse and that spontaneously proliferating
astrocytes (arrow) are rare (F), whereas in a mouse with EAE + TK/PBS, there are many
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proliferating, Ki67-positive cells, including proliferating astrocytes (arrows) (H). H, I, Detail
images show proliferating, Ki67-positive, perivascular astrocytes in a mouse with EAE + TK/
PBS (H) and the persistence of surviving, nonproliferating perivascular astrocytes in a mouse
with EAE + TK/GCV (I). Scale bars: A, 100 μm; B, 25 μm; C–E, 125 μm; F, G, 50 μm; H,
I, 4 μm.

Voskuhl et al. Page 16

J Neurosci. Author manuscript; available in PMC 2009 October 27.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Exacerbated clinical signs of EAE in mice with transgenically targeted ablation of proliferating
reactive astrocytes. Graph showing observer scored clinical rating scale (mean ± SEM) of EAE
signs in GFAP-TK transgenic mice that were induced with EAE and given either PBS (EAE
+ TK/PBS) as a vehicle control, or GCV (EAE + TK/GCV) to ablate transgene-expressing
astrocytes, or GFAP-TK mice given GCV but not induced with EAE (Non-EAE + TK/GCV).
GFAP-TK mice induced with EAE and given PBS exhibited a moderately severe clinical
course that reached a plateau as expected. GFAP-TK mice induced with EAE and given GCV
exhibited a rapidly fulminant clinical course that was significantly more severe than that of
mice given PBS. GFAP-TK mice given GCV but not induced with EAE exhibited no clinical
signs. Data are representative of two separate experiments. ***p <0.001 relative to EAE + TK/
PBS, ANOVA with post hoc pairwise comparisons; n =7 per group.
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Figure 3.
Increased spread of infiltrating inflammatory cells during EAE with ablation of proliferating
reactive astrocytes. A1–A3, B1–B3, Single-channel and merged two-color fluorescence survey
images of spinal cord sections stained for GFAP (green) and the nuclear counterstain, DAPI
(blue), in GFAP-TK transgenic mice that were induced with EAE and given either PBS (EAE
+ TK/PBS) as a vehicle control (A1–A3), or GCV (EAE + TK/GCV) to ablate transgene-
expressing astrocytes (B1–B3). Note that in EAE + TK/PBS, DAPI-stained infiltrating
inflammatory cells (A1) are found primarily in dense perivascular clusters (e.g., 1–3)
surrounded by intensely stained GFAP-positive astrocytes (A2, A3). Clusters 1 and 2 are shown
at higher magnification in Figure 10 A. In EAE + TK/GCV (B1–B3), inflammation is markedly
increased and there is little perivascular clustering in comparison with EAE + TK/PBS (A1–
A3); instead, DAPI-stained infiltrating inflammatory cells (B1) spread widely in the
parenchyma of the white matter (e.g., 4, 5). GFAP staining shows that the white matter is
substantially depleted of GFAP-positive astrocytes in EAE + TK/GCV (B2), and double
staining reveals that the spread of DAPI-positive inflammatory cells is heaviest in areas
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depleted of astrocytes (B3). Region 4 is shown at higher magnification in Figure 10 B. Scale
bar, 50 μm.
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Figure 4.
Increased upregulation of CD45-positive inflammatory cells during EAE with ablation of
proliferating reactive astrocytes. A–L, Survey and detail bright-field images of lumbar spinal
cord sections immunohistochemically stained for the pan leukocyte and microglial marker,
CD45 in spinal cord of GFAP-TK mice that were either healthy (A, D, G, J) or had EAE +
TK/PBS (B, E, H, K) or EAE + TK/GCV (C, F, I, L). Note the increase in both staining intensity
and number of CD45-positive cells in EAE + TK/PBS (B, E, H, K) relative to normal (A, D,
G, J), and a further increase in EAE + TK/GCV (C, F, I, L) relative to EAE + TK/PBS (B,
E, H, K). Note also the marked increase in large globoid CD45-positive cells with the
appearance of leukocytes in EAE + TK/GCV (C, F, I, L) relative to EAE + TK/PBS (B, E,
H, K) in both gray (I, H) and white (L, K) matter. Scale bars: A–C, 170 μm; D–F, 90 μm; G–
L, 27 μm.
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Figure 5.
Significantly increased numbers of inflammatory cells in spinal cord during EAE with ablation
of proliferating reactive astrocytes. A–D, Qualitative appearance (A, C) and quantitative
stereological evaluations (B, D) of CD45-positive inflammatory cells in spinal cord of GFAP-
TK mice that were either healthy or had EAE + TK/PBS or EAE + TK/GCV. A, C, Bright-
field detail images of immunohistochemically stained CD45-positive cells meeting the criteria
of ramified microglia (A) or globoid inflammatory cells (C) for quantitative analysis. B, D,
Graphs of quantitative stereological evaluations of density of ramified (B) or globoid (D)
CD-45-positive cells in spinal cord gray and white matter show that the densities of both
ramified microglia (B) and globoid inflammatory cells (D) were increased significantly in EAE
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+ TK/PBS relative to healthy, and globoid inflammatory cells were further increased
significantly in EAE + TK/GCV relative to EAE + TK/PBS (B, D). *p < 0.01 relative to
healthy; #not significant relative to EAE + TK/PBS; ^p < 0.01 relative to EAE + TK/PBS;
ANOVA with post hoc pairwise comparisons; n = 6 per group. Scale bar, 10 μm.
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Figure 6.
Increased upregulation of Iba1-positive microglia and spread of Iba1-positive macrophages
during EAE with ablation of proliferating reactive astrocytes. A–I, Survey and detail bright-
field images of lumbar spinal cord sections immunohistochemically stained for the microglial
cell and macrophage marker, Iba1, in GFAP-TK mice that were either healthy (A, D, G) or had
EAE + TK/PBS (B, E, H) or EAE + TK/GCV (C, F, I). Note the increase in both staining
intensity and number of Iba1-positive cells in EAE + TK/PBS (B, E, H) relative to healthy
(A, D, G), and a further increase in EAE + TK/GCV (C, F, I) relative to EAE + TK/PBS (B,
E, H). Note also that globoid Iba1-positive macrophages are primarily in perivascular clusters
(pvc) in EAE (B, E, H) and are spread widely in the parenchyma (par) in EAE + TK/GCV
(C, F, I). bv, Blood vessel. Scale bars: A–C, 90 μm; D–I, 27 μm.
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Figure 7.
Increased infiltration and spread of CD3-positive T lymphocytes during EAE with ablation of
proliferating reactive astrocytes. A, B, Survey bright-field images of lumbar spinal cord
sections immunohistochemically stained for the T lymphocyte marker, CD3 in mice with EAE
+ TK/PBS (A) or EAE + TK/GCV (B). Note that in EAE + TK/PBS, CD3-positive T
lymphocytes are found primarily in perivascular clusters (pvc, A), whereas in EAE + TK/GCV,
CD3-positive T lymphocytes are spread widely in the parenchyma (par) of the white matter
and there is little perivascular clustering (B). C, Graph of quantitative stereological evaluations
of density of CD3-positive T lymphocytes in spinal cord gray and white matter, showing that
CD3 cells were increased significantly in EAE + TK/PBS relative to healthy, and were further
increased significantly in EAE + TK/GCV relative to EAE + TK/PBS in white but not in gray
matter. *p<0.01 relative to healthy; #not significant relative to EAE + TK/PBS, ̂ p<0.01 relative
to EAE + TK/PBS; ANOVA with post hoc pairwise comparisons; n =3 per group. D, Detail
of boxed area in B showing CD3-positive T lymphocytes in white matter parenchyma. bv,
Blood vessel. Scale bars: A, B, 20 μm; D, 5μm.
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Figure 8.
Increased spread of neutrophils during EAE with ablation of proliferating reactive astrocytes.
A, B, Detail, merged two- or three-color fluorescence images of spinal cord white matter stained
for the neutrophils marker, Ag4/7 (red), GFAP (green), and (DAPI blue) in EAE + TK/PBS
(A1, A2) and EAE + TK/GCV (B1, B2). Note that in EAE + TK/PBS, a few positive neutrophils
are present but confined to a perivascular cluster of infiltrating inflammatory cells (pvc)
surrounded by tightly packed GFAP-positive astrocytes (AS) (A1, A2), whereas in EAE + TK/
GCV, Ag4/7-positive neutrophils (red) are increased in number and together with other
inflammatory cells (blue) spread widely in the white matter (wm) parenchyma in regions
depleted of astrocytes (B1, B2). Scale bar, 35 μm.
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Figure 9.
Disruption of perivascular barriers to inflammatory cells during EAE with ablation of
proliferating reactive astrocytes. A1–A3, B1–B3, Detail, single-channel and merged two-color
fluorescence images of spinal cord sections stained for GFAP (green) and the nuclear
counterstain, DAPI (blue), in EAE + TK/PBS (A1–A3) and EAE + TK/GCV (B1–B3). A1–
A3, Detail images of perivascular inflammatory cell clusters 1 and 2 from Figure 3A. B1–B3,
Detail images of region 4 from Figure 3B. Note that in EAE + TK/PBS, dense clusters of DAPI-
stained infiltrating inflammatory cells (A1) are surrounded by tightly packed GFAP-positive
astrocytes (A2, A3), whereas in EAE + TK/GCV, DAPI-stained inflammatory cells spread
widely in the parenchyma of the white matter (B1) and this spread is heaviest in areas most
depleted of astrocytes (B2, B3). Scale bar, 20 μm.
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Figure 10.
Perivascular astrocyte barriers restrain the spread of extravasting CD45-positive leukocytes,
Iba1-positive macrophages, and CD3-positive T lymphocytes during EAE. A–F, Detail,
merged three-color fluorescence images of spinal cord white matter stained for GFAP (green)
and (DAPI blue) in combination with either the pan leukocyte marker, CD45 (red, A, B), the
macrophage marker, Iba1 (red, C, D), or the T lymphocyte marker, CD3 (red, E, F), in mice
with EAE + TK/PBS (A, C, E) or EAE + TK/GCV (B, D, F). Note that in EAE + TK/PBS,
CD45-positive leukocytes, Iba1-positive globoid macrophages, and CD3-positive T
lymphocytes are largely confined to perivascular clusters of extravasting inflammatory cells
(pvc) surrounded by tightly packed GFAP-positive astrocytes (AS) (A, C, E), whereas in EAE
+ TK/GCV, all of these inflammatory cell types spread widely in the white matter (wm)
parenchyma in regions depleted of astrocytes (B, D, F). bv, Blood vessel. Scale bars: A, B, 27
μm; C, D, 15 μm; E, F, 35 μm.
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Figure 11.
Substantial demyelination in EAE with ablation of proliferating reactive astrocytes. A–F,
Survey images of dorsal columns of thoracic spinal cord of GFAP-TK mice that were either
healthy (A, D) or had EAE + TK/PBS (B, E) or EAE + TK/GCV (C, F). Sections were stained
either with the myelin stain Luxol fast blue (LFB, A–C), or with single-color
immunofluorescence for myelin basic protein (MBP, red, D–F). Note that there is reduced
staining for both LFB and MBP due to demyelination in EAE + TK/PBS (B, E) relative to
healthy (A, D), and that the demyelination is as severe or worse in EAE + TK/GCV (C, F)
relative to EAE + TK/PBS (B, E). Scale bars, 80 μm.
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Figure 12.
Severe axonal pathology in EAE with ablation of proliferating reactive astrocytes. A–C, Single-
color or merged confocal microscopic images of two-color immunofluorescence for the axonal
marker, neurofilament 200 (NF200, green), and amyloid precursor protein (APP, red) in
thoracic spinal cord dorsal column white matter of healthy mice (A1–A3) and in mice with
EAE + TK/PBS (B1–B3) or EAE + TK/GCV (C1–C3). Note that mice with EAE + TK/PBS
exhibit reduce staining of NF200 and increased staining of APP (B1–B3) relative to healthy
mice (A1–A3), and that these axon pathologies are as severe or worse in mice with EAE + TK/
GCV (C1–C3) relative to EAE + TK/PBS (B1–B3). D, Graph of quantitative evaluations of
total number of NF200-positive axons (i.e., cross-sectional axonal profiles) in midthoracic
dorsal columns of healthy mice and mice with EAE + TK/PBS or EAE + TK/GCV, showing
that axon number was significantly reduced in EAE + TK/PBS relative to healthy and was
further reduced significantly in EAE + TK/GCV relative to EAE + TK/PBS. *p <0.01 relative
to healthy; ̂ p <0.01 relative to EAE + TK/PBS; ANOVA with post hoc pairwise comparisons;
n =6 per group. Scale bar, 10 μm.
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Figure 13.
Schematic summary of perivascular barrier functions of proliferating reactive astrocytes during
autoimmune-mediated leukocyte infiltration in the CNS. A, In EAE, reactive astrocytes and
their processes densely surround perivascular clusters of extravasated immune and
inflammatory leukocytes in a manner reminiscent of scar formation after CNS injury; and there
is limited spread of inflammatory leukocytes into the neighboring CNS parenchyma. B, In
EAE combined with transgenically targeted ablation of proliferating scar-forming reactive
astrocytes, there is a failure of astrocytes to surround leukocytes in the perivascular region and
this failure is accompanied by widespread infiltration of inflammatory leukocytes (including
macrophages, T lymphocytes, and neutrophils) throughout the CNS parenchyma. Together,
these observations argue that perivascular reactive astrocytes are exerting an essential scar-
like barrier function that restricts infiltrating leukocytes to the perivascular space and limits
their spread into nearby healthy CNS parenchyma. This process provides a cellular mechanism
underlying the common neuropathological observation of perivascular clustering or “cuffing”
of inflammatory leukocytes. The loss or attenuation of this scar-like perivascular barrier
function of reactive astrocytes has the potential to exacerbate the spread of parenchymal spread
of inflammation in various CNS disorders.
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Table 1

Response of peripheral immune cells to stimulation with autoantigen during EAE is not altered by ablation of
proliferating reactive astrocytes

TK/PBS no Ag TK/GCV no Ag TK/PBS + Ag TK/GCV + Ag

TNFα 194.4 ± 43.9 58.6 ± 30.3 553.0 ± 49.7 555.1 ± 30.4
IFNγ 48.6 ± 30.7 16.1 ± 11.0 4108.0 ± 472.8 3953.3 ± 710.6
IL5 3.3 ± 3.3 1.5 ± 0.8 34.1 ± 7.7 48.9 ± 12.2
IL6 185.2 ± 28.4 55.1 ± 12.0 1102.0 ± 64.9 857.5 ± 47.6
IL2 12.1 ± 3.4 15.8 ± 2.9 271.8 ± 121.0 294.2 ± 60.2
MCP-1 65.9 ± 39.1 43.5 ± 16.4 1785.1 ± 289.4 1752.7 ± 90.8
MIP1α 4.7 ± 0.3 7.6 ± 2.3 66.9 ± 17.0 87.7 ± 30.0
RANTES 31.5 ± 7.2 32.9 ± 4.9 91.2 ± 6.1 80.2 ± 9.1

Splenocytes harvested from mice at day 21 of EAE, in different experimental groups, were examined ex vivo for cytokine and chemokine production
either with (+ Ag) or without (no Ag) stimulation with MOG peptide autoantigen. IL4 levels were low and at the limit of detection (data not shown).
Values are expressed as mean pg/ml ± standard error. In all measures, autoantigen induced responses of splenocytes from GFAP-TK mice with EAE given
GCV to ablate proliferating reactive astrocytes (TK/GCV) did not differ significantly from GFAP-TK mice with EAE given PBS (TK/PBS), p > 0.05,
ANOVA with pairwise post hoc comparison.
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