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Abstract

Cerebrovascular inflammation contributes to secondary brain injury following ischemia. Recent in vitro studies of cell migration and molecular
guidance mechanisms have indicated that the Slit family of secreted proteins can exert repellant effects on leukocyte recruitment in response to
chemoattractants. Utilizing intravital microscopy, we addressed the role of Slit in modulating leukocyte dynamics in the mouse cortical venular
microcirculation in vivo following TNFα application or global cerebral ischemia. We also studied whether Slit affected neuronal survival in the
mouse global ischemia model as well as in mixed neuronal–glial cultures subjected to oxygen–glucose deprivation. We found that systemically
administered Slit significantly attenuated cerebral microvessel leukocyte–endothelial adherence occurring 4 h after TNFα and 24 h after global
cerebral ischemia. Administration of RoboN, the soluble receptor for Slit, exacerbated the acute chemotactic response to TNFα. These findings are
indicative of a tonic repellant effect of endogenous Slit in brain under acute proinflammatory conditions. Three days of continuous systemic
administration of Slit following global ischemia significantly attenuated the delayed neuronal death of hippocampal CA1 pyramidal cells.
Moreover, Slit abrogated neuronal death in mixed neuronal–glial cultures exposed to oxygen–glucose deprivation. The ability of Slit to reduce the
recruitment of immune cells to ischemic brain and to provide cytoprotective effects suggests that this protein may serve as a novel anti-
inflammatory and neuroprotective target for stroke therapy.
Published by Elsevier Inc.
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Introduction

Cerebrovascular inflammation occurs in response to various
stimuli including cytokines (Blond et al., 2002; Stanimirovic
and Satoh, 2000), chemokines (Cartier et al., 2005), and
ischemia (del Zoppo et al., 2000). Slit, a secreted glycoprotein
previously known for its repulsion role in axon guidance and
neuronal migration, exerts an inhibitory effect on leukocyte
chemotaxis (Wu et al., 2001; Kanellis et al., 2004), suggesting
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that repulsion by Slit may be a conserved guidance mechanism
operative across many cell types.

The present study was undertaken to test the hypothesis that
Slit can regulate the recruitment of immune cells in response
to proinflammatory stimuli in vivo. Intravital microscopy of
the cerebral microcirculation was used to measure leukocyte–
endothelial adherence (LEA), an early step in leukocyte recruit-
ment, in anesthetized mice (Altay et al., 2004). The proin-
flammatory stimuli included the cytokine TNFα, as well as
global cerebral ischemia, which invokes a broader spectrum of
inflammatory mediators. We hypothesized that Slit could alter
cell fate indirectly by inhibiting cerebral ischemia-induced
leukocyte recruitment and/or directly by exerting cytoprotective
effects on neurons and glia, and we evaluated these possibilities
both in vivo and in vitro.
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Material and methods

Animals

CD-1 male mice (Harlan, Indianapolis, IN) weighing 30–35 g,
from 12 to 16 weeks of age, were used. All experimental
procedures were approved by our institutional animal studies
committee. Mice were anesthetized using chloral hydrate
(350 mg/kg, i.p.) and xylazine (4 mg/kg, i.p.).

TNFα protocol

The effect of exogenous Slit on the acute inflammatory
response to TNFα was assessed by concomitant administration
of TNFα (3.0 μg/kg i.p.) and human Slit protein (3.0 μg/kg,
i.p.). Four hours later, animals were anesthetized to measure
TNFα-induced leukocyte–endothelial adherence (LEA) to
cortical venular endothelium through closed cranial windows
(see below). The TNFα-only control group received Slit–Robo
vehicle, a serum-free conditioned medium from human
embryonic kidney cells. A separate group of mice was
concomitantly injected with TNFα and the Slit antagonist
RoboN, an extracellular fragment of the Slit receptor (3 μg/kg,
i.p.) (Wu et al., 2001), and LEA was measured 4 h later to
assess the effects of endogenous Slit on LEA.

Global cerebral ischemia protocol

Anesthetized mice were placed in a supine position on an
angled platform, and intubated with a 22-gauge cannula under
a surgical microscope; they were ventilated with room air
(Harvard Apparatus, model 845) with a stroke volume of
6 ml/kg, at a respiratory rate of 150 breaths per min. Core
temperature was maintained at 37 °C with a thermoregulated
heating pad. A ventral midline incision was made to expose
the common carotid arteries bilaterally, and global ischemia
was induced by bilateral common carotid artery occlusion
(BCCAO) for 6 min by temporary occlusion of both vessels
by Yasargil miniclips. After clip removal, animals were
ventilated for an additional 10 min, extubated, and placed in
an incubator at 33 °C for 30 min before returning them to
their cages. A sham BCCAO control group consisted of mice
treated identically except they were not subjected to the
carotid occlusion.

To assess whether exogenous Slit exerts effects on the cere-
brovascular inflammatory response to global ischemia, we
placed an osmotic minipump of 200 μl volume (Alzet,
Cupertino, CA) subcutaneously along the animal's back to
provide continuous delivery (0.5 μg/kg/h) of compounds of
interest for 24 h beginning immediately after BCCAO.
Antagonism of endogenous and exogenous Slit was achieved
by one pump delivering RoboN, or two separate pumps
delivering Slit and RoboN, respectively. Sham BCCAO controls
received Slit–Robo vehicle by minipump. LEA was quantified
in all animals 24 h after BCCAO. Protein design, purification,
and efficacy for Slit and RoboN have been described previously
(Kanellis et al., 2004).
The effect of BCCAO on neuronal injury in the vulnerable
hippocampal CA1 pyramidal cell region was studied 1 week
after BCCAO in separate groups of BCCAO-treated animals
with or without Slit or RoboN delivery, and sham BCCAO
controls. Continuous administration of Slit or RoboN was
achieved by osmotic minipumps, which were placed immedi-
ately upon reperfusion, and subsequently replaced daily for three
consecutive days.

Cranial window and cerebral blood flow determinations

Four or twenty-four hours after TNFα administration or
BCCAO, respectively, animals were anesthetized, tracheosto-
mized through a midline ventral neck approach, and ventilated
starting at 6 ml/kg and 150 breaths per minute. Anesthesia was
maintained throughout the surgical preparation and imaging
procedures by administering supplemental anesthesia as needed.
A femoral arterial line was placed for the measurement of blood
gases and blood pressure, and rhodamine 6G administration. A
blood gas sample was obtained before placing the cranial
window, and minor adjustments in tidal volume and/or
respiratory rate were made to keep these values within
physiological ranges. The animal's head was stabilized in a
stereotaxic apparatus, and the right parietal bone was exposed
through a scalp incision. Relative measures of cortical cerebral
blood flow (CBF) were obtained by laser Doppler flowmetry
through the intact bone at 5 different medial and 5 different
lateral locations relative to where the cranial window would
subsequently be placed to noninvasively assess the effects of
TNFα or BCCAO on local CBF. Flowmeasurements were made
under constant, dim ambient light conditions after a 20 s period
of stabilization. A 3-mm diameter craniotomy was then
performed, leaving the dura intact, and a Plexiglas window
was mounted over the opening and sealed to the cranium by
dental acrylic. The animal was repositioned on a microscope
stage, and regions of the cortical surface exhibiting a
heterogeneous pattern of secondary and tertiary arterioles and
venules were randomly selected for intravital imaging.

Epifluorescence videomicroscopy for leukocyte dynamics

As described previously (Altay et al., 2004), intravascular
leukocyte dynamics (flowing, rolling, and adherence) in cortical
venules of anesthetized mice could be visualized using
epifluorescence videomicroscopy following in situ labeling of
circulating leukocytes (lymphocytes and neutrophils) with
rhodamine 6G (0.007% in PBS, administered intra-arterially
at a rate of 150 μl/min). Leukocyte dynamics were recorded to
videotape in real time with the use of a CCD camera (Olympus,
110) mounted on an epifluorescence microscope using a 10×
water immersion lens (1.3 NA).

During off-line playback of the video recording, leukocyte–
endothelial adherence (LEA) was quantified manually by
counting the number of leukocytes adherent to the endothelium
of pial venules for longer than 10 consecutive seconds within a
user-defined microvessel network that included only secondary
and tertiary (20–60 μm diameter) venular branches.



Table 1
Physiological parameters in the TNFα model of cerebrovascular inflammation at 4 h

n Age
(weeks)

pH pCO2

(mm Hg)
pO2

(mm Hg)
MABP
(mm Hg)

Glucose
(mg/dl)

CBF

Medial Lateral

Untreated 3 10±0 7.35±0.09 32±7 122±17 64±3 290±60 13±4 9±3
TNFα 9 14±1 7.34±0.02 31±2 118±6 49±4⁎ 293±57 13±1 9±1
TNFα+Slit 6 11±0 7.31±0.02 34±3 106±7 49±2⁎ 206±19 13±2 8±1
TNFα+RoboN 5 12±0 7.34±0.04 30±1 115±12 50±3⁎ 213±11 14±2 10±2
TNFα+Slit veh. 4 14±0 7.30±0.04 32±4 103±7 48±1⁎ 172±27 14±2 9±1

⁎vs. untreated group.
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Histopathology

Animals were euthanized by halothane overdose, and
transcardially perfused with heparinized saline. Brains were
removed, frozen on dry ice, and stored at −80 °C until the time
of sectioning. Sixteen-micron thick coronal sections through the
hippocampus were taken starting 1-mm posterior to Bregma;
sections were Nissl-stained and post-fixed for histological
analyses. Neuronal injury was quantified by light microscopy in
three nonadjacent sections from each brain by counting viable
pyramidal cells present over a 0.1-mm length in the CA1 region
by an observer blinded to the experimental condition, with each
hemisphere examined independently. Sections adjacent to those
used for Nissl staining were incubated with propidium iodide
(2.4 μg/ml of PBS-T) for 10 min, coverslipped, and imaged by
fluorescence microscopy for qualitative analysis of BCCAO-
induced injury and Slit-mediated protection.

Cell culture

Mixed cultures of neurons and glia were prepared from fore-
brains of embryonic-day-17 rat fetuses, as previously described
(McLaughlin et al., 1998). In brief, dissociated cells were plated
on poly-L-ornithine-treated tissue culture plates in a growth
mediumcomprised of 80%Dulbecco'sModifiedEagle'sMedium
(DMEM) (high glucose with L-glutamine and without sodium
pyruvate; Gibco/BRL, Grand Island, NY), 10% Ham's F12-
Nutrients, and 10% bovine calf serum (heat-inactivated) with 1×
antimycotic/antibiotic mixture (with amphotericin B and strepto-
mycin sulfate; Gibco/BRL). Cultures were maintained in an
incubator at 37 °C with 5% CO2.

Oxygen glucose deprivation (OGD) assays were performed on
cultures grown for 13–18 days in order to insure they expressed a
Table 2
Physiological parameters in the BCCAO model of cerebrovascular inflammation at

n Age
(weeks)

pH pCO2

(mm Hg)

BCCAO sham control 7 13±0 7.36±0.02 27±2
BCCAO 9 14±0 7.33±0.02 29±1
BCCAO+Slit 7 12±0 7.31±0.03 30±2
BCCAO+RoboN 6 15±1 7.32±0.03 29±3
BCCAO+Slit+RoboN 8 13±0 7.36±0.02 28±2
BCCAO+Slit vehicle 5 13±0 7.33±0.02 30±2

⁎vs. BCCAO sham control.
†vs. BCCAO+Slit vehicle.
full compliment of NMDA type glutamate receptors (Legos et al.,
2002). Cultures were placed in deoxygenated, glucose-free
Earle's balanced salt solution (EBSS) then transferred to an
anaerobic chamber (Billups-Rothenberg, Del Mar, CA) contain-
ing humidified 95% air/5%CO2 (control), or humidified 95%N2/
5%CO2 (anoxic) for 90 min. OGDwas terminated by removal of
the plate from the chamber, and replacement of the EBSS with
oxygenated minimal essential medium containing 0.01% bovine
serum albumin. Using both lactate dehydrogenase release and
trypan blue exclusion approaches, preliminary experiments
determined that none of the purified protein extracts (Slit,
RoboN) altered cell viability (data not shown). Purified RoboN
was diluted to 1 nmol/l. The Slit protein was used at a final
concentration of 1 μg/ml. Proteins were present during the OGD
stress and during the 20-h period of reoxygenation/normoglyce-
mia prior to viability assessment by the LDH assay (McLaughlin
et al., 2003); cell viability in the experimental cultures was
normalized to untreated controls in order to accommodate minor
variations in intraculture variability with respect to survival and
plating density. To assess whether activated microglial cells were
present in our cultures and could have contributed to our results,
random samples of both media and cells from cultures exposed to
OGD and 20–24 h of reoxygenation/normoglycemia were
immunoblotted for OX42, a marker for the CD11b/c complement
receptor expressed by activated microglia; cultures were also
visually inspected at this time, in a blinded fashion, for the
presence of cells showing an activated microglial morphology. In
all instances, results of such studies have been negative.

Statistical analysis

Differences in physiological and hemodynamic variables,
venular diameter, leukocyte–endothelial adherence, and the
24 h

pO2

(mm Hg)
MABP
(mm Hg)

Glucose
(mg/dl)

CBF

Medial Lateral

98±7 58±3 266±49 29±7 14±3†

113±5 45±2⁎ 270±45 14±1⁎† 10±1
105±8 44±2⁎ 277±44 12±1⁎† 9±1
118±12 43±4⁎ 235±43 13±3⁎† 12±0
104±9 61±8 202±26 14±2⁎† 14±2†

114±10 38±1⁎ 261±28 9±0⁎ 8±1



Fig. 1. Effect of Slit on TNFα-induced increases in leukocyte–endothelial
adherence. Representative epifluorescent videophotomicrographs of cortical
venular leukocytes in the different groups are shown, relative to untreated
controls (a). TNFα (3 μg/kg) induced leukocyte adherence to cerebral venular
endothelium (b) and this response was completely blocked by exogenous Slit (c).
The increase in leukocyte–endothelial adherence induced by TNFα (1.5 μg/kg)
(d) was exacerbated by the soluble receptor RoboN (e), reflecting tonic inhibition
of adherence by endogenous Slit. Histogram summarizes the magnitude of
leukocyte–endothelial adherence under the different experimental conditions,
relative to naive controls (shaded bar). Inset: Dose dependency of TNFα-induced
inflammation. Intravital imaging was performed 4 h after animals were admin-
istered TNFα. ⁎pb0.05 vs. sham; #pb0.05 vs. TNFα only (at the corresponding
dose). Scale bar=100 μm.
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histopathological data within and between groups were assessed
by nonparametric repeated-measures ANOVA, using Mann–
Whitney's rank sum test; Bonferroni multiple comparisons test
was used for the cell culture LDH data. A p-value less than 0.05
was considered statistically significant.

Results

Physiologic and hemodynamic variables

Animals that received TNFα had significantly lower mean
arterial blood pressures at 4 h compared to untreated controls
(Table 1). Similarly, animals subjected to BCCAO tended to
have lower blood pressures at 24 h compared to sham animals
(Table 2). No significant differences were noted in arterial blood
gases and glucose values within or between groups in the TNFα-
treated mice, as well as within or between groups in the BCCAO-
treated mice, at 4 h and 24 h, respectively (Tables 1 and 2).

Cerebral blood flow

Baseline CBF tended to be higher medially than laterally,
consistent with regional differences in the distribution of pre-
and postcapillary microcirculatory vessels as well as the pro-
gressively larger venules draining medially into the sagittal
sinus. In a separate group of animals, no difference in baseline
CBF was observed between the right and the left hemisphere in
animals with bilateral craniotomy (data not shown). Medial and
lateral CBF remained unchanged among all TNFα-treated
animals (Table 1), but both tended to be reduced in animals
subjected to BCCAO relative to sham BCCAO controls (Table
2). There were no significant differences in the maximum or
minimum venular diameters, or in the total areas of the defined
venular network, in which leukocyte adherence was determined,
in the different groups (data not shown).

Leukocyte–endothelial adherence (LEA)

A dose-dependent increase in LEA to cortical venular endo-
thelium was observed 4 h after systemic TNFα administration at
doses of 1.5, 3.0, and 15.0 μg/kg (Fig. 1, inset; n=22). In two
other groups, we assessed the effects of exogenous and
endogenous Slit on LEA induced by a high dose (3.0 μg/kg)
andmoderate dose (1.5μg/kg) of TNFα, respectively. The 35-fold
increase in LEA (p=0.017) induced by the high dose of TNFα
(n=7) was virtually completely blocked (98%; p=0.001) in the
presence of Slit (n=6). Conversely, the TNFα-induced 16-fold
increase in LEA (p=0.012) in response to the moderate dose was
significantly exacerbated (p=0.011) in animals treated with
RoboN, the soluble receptor for Slit (n=5; Fig. 1). Slit–Robo
vehicle did not have any effect on TNF-induced LEA.

In animals subjected to BCCAO (n=9), a significant, four-fold
increase (p=0.001) in LEA was measured at 24 h of reper-
fusion, relative to that noted in sham BCCAO controls (n=7).
This postischemic inflammatory response was inhibited by 79%
(p=0.003) in animals administered Slit (n=7). Administration of
the Slit–Robo vehicle (n=5) was without effect on BCCAO-
induced increases in LEA. Unlike the response to RoboN ob-
served in TNFα-treated mice, RoboN did not affect the
comparable elevation in LEA induced by global ischemia
(Fig. 2). However, when administered simultaneously with Slit,
RoboN reversed Slit's anti-inflammatory effect on BCCAO-
induced LEA (Fig. 2).
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In vivo neuronal injury

In keeping with previous findings (Barone et al., 1993),
significant (∼50%) pyramidal cell death occurred in the CA1
region of dorsal hippocampus in mice subjected to 6 min of
BCCAO. Dead and dying pyramidal cells in the injured
Fig. 2. Effect of Slit on increases in leukocyte–endothelial adherence induced by
global ischemia (bilateral common carotid occlusion [BCCAO]). Representative
epifluorescent videophotomicrographs of cortical venular leukocytes in the
different groups are shown, relative to sham BCCAO controls (a). BCCAO-
induced leukocyte adherence to cerebral venular endothelium (b) was blocked
by co-administration of Slit (c). The soluble receptor RoboN blocked Slit's
inhibitory effect on BCCAO-induced adherence (d) but did not exacerbate
BCCAO-induced adherence (e). Histogram summarizes the magnitude of
leukocyte–endothelial adherence under the different experimental conditions,
relative to naive controls (shaded bar). Animals received 6 min BCCAO and
recovered 24 h before intravital imaging of leukocyte–endothelial adherence.
⁎pb0.05 vs. sham; #pb0.05 vs. BCCAO. Scale bar=100 μm.

Fig. 3. Effect of Slit on CA1 pyramidal cell injury following global ischemia.
Representative Nissl-stained (a-d, first row) and propidium iodide-stained (e–h,
second row) hippocampal CA1 pyramidal cells 7 days after global ischemia
(bilateral common carotid occlusion [BCCAO]). Relative to naive controls (a, e), in
animals with both moderate (∼50% cell loss; b, f) and severe (∼80% cell loss; c, g)
CA1 injury, PI-labeled cells displayed distinct, multiple, hyperintense nuclear
condensations. However, in animals treatedwith Slit (d, h), a more viable pyramidal
cell morphology was the prominent feature. The histogram quantifies the protective
effect of exogenous Slit on hippocampal CA1 pyramidal cell viability, relative to
naive controls (shaded bar). ⁎pb0.05 vs. control; #pb0.05 vs. BCCAO. Scale
bar=50 μm and 10 μm in Nissl- and PI-stained sections, respectively.
hippocampi displayed features of cellular necrosis, character-
ized in Nissl-stained coronal sections by pyknotic nuclei,
irregular cell contours, and loss of nuclear dye retention.
Moreover, intense labeling of pyramidal cell nuclei with
propidium iodide was detected on adjacent thin sections. In
Slit-treated mice, the extent of BCCAO-induced hippocampal
CA1 pyramidal cell loss was significantly diminished relative
to untreated animals (p=0.025; Fig. 3).

In vitro neuronal injury

Ninety-minute OGD and 20-h reoxygenation under normo-
glycemic conditions caused a substantial amount (pb0.001) of



191T. Altay et al. / Experimental Neurology 207 (2007) 186–194
neuronal cell death in mixed cultures, characterized by neurite
beading and retraction, cellular vacuolization, loss of membrane
integrity, cellular debris, and release of LDH from dead and
dying cells (Fig. 4). This injury was completely inhibited by Slit
(Fig. 4; pb0.001). RoboN reversed the Slit effect when co-
incubated in the cultures subjected to OGD (Fig. 4; pb0.001).
Fig. 4. Effects of Slit on oxygen–glucose deprivation (OGD)/reoxygenation
injury in mixed neuronal–glial cultures. Representative photomicrographs are
provided for each experimental condition. (a) Under untreated control
conditions, neurons were healthy, phase bright, and had well defined processes.
(b) Ninety-minute OGD resulted in robust neuronal cell death with marked
cellular debris evident the following day. (c) Slit significantly and dramatically
attenuated neuronal cell death induced by 90-min OGD and recovery. Although
some morphological changes occurred, including slight decreases in cell
volume, neurons remained viable (as assessed by LDH assay). (d) The protective
effect of Slit was reversed by co-incubation with its soluble receptor RoboN.
Histogram shows quantification of neuronal cell death as assessed by release of
lactate dehydrogenase (LDH) into the media, normalized to total kill (100%),
relative to naive, untreated controls (shaded bar) over the same time period.
⁎pb0.001 vs. control; #pb0.001 vs. OGD. Scale bar=40 μm.
Vehicle treatment had no effect on neuronal death or survival
following OGD in this model (data not shown).

Discussion

Based on studies in a variety of cell guidance models, the
ability of the peptide Slit to repel migrating neurons is well
established (Guan and Rao, 2003). Recently, a similar repellent
effect of Slit against immune cells was demonstrated in vitro in
human embryonic kidney cells (Wu et al., 2001), and in a rat
model of glomerulonephritis (Kanellis et al., 2004), suggesting
that this peptide may serve as a universal negative regulator of
cell migration (Rao et al., 2002). The present results are the first
to demonstrate in vivo that Slit modulates cerebrovascular
inflammatory responses, using TNFα and global ischemia as
distinct proinflammatory stimuli. This effect was manifested by
a reduction in leukocyte adherence to the cortical venular endo-
thelium 4 h after TNFα treatment and 24 h after cerebral
ischemia in adult mice. The exacerbation of TNFα-induced
cerebrovascular inflammation in response to inhibition of endo-
genous Slit with RoboN, its soluble receptor, reveals the ability
of endogenously secreted Slit to suppress leukocyte recruitment
in brain. In addition to documenting anti-inflammatory effects in
vivo, the present study is the first to provide in vivo and in vitro
evidence that Slit is neuroprotective. Specifically, Slit abrogated
the delayed cell death in hippocampal CA1 pyramidal neurons
following global ischemia, and reduced neuronal cell death in
mixed neuronal–glial cultures subjected to simulated ischemia;
the latter findings demonstrate that this protective effect is, at
least in part, due to direct effects of Slit on neurons and/or on
neuron–glial interactions, and not solely the indirect result of
Slit's ability to reduce postischemic inflammation.

Leukocyte adhesion to vascular endothelium occurs via
highly specific receptor–ligand interactions between leukocytes,
endothelium, and extravascular matrix (Springer, 1990). The
requisite first step involves the low-affinity “rolling” of the
leukocyte on the endothelium through the engagement of
selectins (E-, P-, and L-selectin) with their ligands, PSGL-1 and
sialyl LewisX, followed by a high-affinity “firm” adhesion
mediated by leukocyte integrins binding to the endothelial
intercellular adhesion molecule (ICAM-1) (Alon et al., 2003).
The cytoplasmic domains of the integrins, selectins, and ICAM-
1 are linked to the cytoskeleton through adapter actin-binding
proteins, allowing for direct associations between integrins and
cytoskeletal function (Sampath et al., 1998; Yoshida et al., 1996;
Carpen et al., 1992). The intracellular mechanisms by which Slit
negatively regulated leukocyte–endothelial dynamics in the
cerebral microcirculation were not investigated in the present
study, but available evidence supports the following sequence of
events: Slit interaction with the extracellular domain of its single
transmembrane domain receptor Robo promotes an association
of the Slit–Robo complex with a novel family of Rho GTPase-
activating proteins (GAPs) forming Slit–Robo GAPs (srGAPs)
(Wong et al., 2001). srGAPs in turn become associated with Rho
GTPases (Wong et al., 2001) that regulate cellular polarization
and actin cytoskeletal changes in neutrophils during chemotaxis
(Xu et al., 2003). The interaction between srGAPs and Rho
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GTPases changes the relative balance between the active and
inactive Rho GTPase forms, and abolishes the directional
mobility of the cell towards chemoattractants (Wong et al.,
2001). In addition to the leukocyte-based mechanism outlined
above, Slit might exert its anti-chemotactic effect by negative
regulation of Rho GTPase signaling in endothelial cells, which
also express Slit receptors (Park et al., 2003; Wang et al., 2003).
The inhibition of Rho-mediated cascades by Slit engagement of
these receptors could lead to increased expression and activity of
endothelial nitric oxide synthase (Laufs et al., 2000), a potent
anti-inflammatory mediator (Altay et al., 2004; Kubes et al.,
1991), and decreased ICAM-1-mediated signaling (Adamson et
al., 1999) within the endothelial cell.

We tested the ability of Slit to modulate chemotaxis in the in
vivo brain using two different proinflammatory stimuli: the
cytokine TNFα (Carvalho-Tavares et al., 2000), and transient
global ischemia, in which TNFα derived from resident cells (Liu
et al., 1994; Gregersen et al., 2000; Botchkina et al., 1997; Uno
et al., 1997; Feuerstein et al., 1998) and mediators of other
inflammatory signaling cascades promotes postischemic in-
flammation in the postcapillary venular system and in cerebral
parenchyma. In both models, we found exogenously adminis-
tered Slit to be potently effective in reducing cerebrovascular
inflammation. The involvement of endogenously produced Slit
in modulating leukocyte chemotaxis was revealed by our finding
that antagonism of endogenous Slit activity by RoboN
administration exacerbated TNFα-induced LEA. This finding
suggests that endogenous Slit may participate in counteracting
the pro-inflammatory effects of constitutively produced TNFα
and other cytokines which, under basal conditions, may allow
them to act as neuromodulators (Vitkovic et al., 2000). The lack
of exacerbation of the cerebrovascular inflammatory response to
global ischemia by RoboN has several possible explanations.
Slit's leukocyte modulatory effects may be more limited in
situations wherein multiple proinflammatory mediators are
present, which is likely to occur with global ischemia (Saito et
al., 1996; Jander et al., 2000; Panahian et al., 1996; Matsumoto
et al., 1997; Zhu et al., 2006). Secondly, because of differences in
the timecourse of the inflammatory responses triggered by
systemically administered TNFα, and that induced following
global ischemia, which can involve multiple peaks in TNFα
expression (Zhu et al., 2006), and given differences in Slit dose
and route of administration in the two models we studied, we
surmise that we could be witnessing a model and/or timecourse
dependency. Global ischemia might also lead to the inhibition of
Slit synthesis and/or constitutive production of Slit, such that the
RoboN we administered had no ligand on which to bind.

The present study provides the first in vivo evidence of
neuroprotection by Slit against ischemic injury of hippocampal
CA1 pyramidal neurons. This effect may have resulted
indirectly from a Slit-induced decrease in leukocyte chemotaxis
and recruitment, and/or directly from a Slit-induced change in
the neuronal response to ischemia. Although not a universal
finding (Hayward et al., 1996; Emerich et al., 2002),
considerable evidence supports the notion that adherent and
infiltrating leukocytes contribute to ischemic damage following
focal ischemia (see Jean et al., 1998; Wang et al., 2007; Zheng
and Yenari, 2004 for reviews). In particular, the degree of
leukocyte infiltration following focal stroke correlates with the
severity of neuronal injury and neurological deficits in animals
(Zhang et al., 1994a,b; Clark et al., 1994; del Zoppo et al.,
1991) and humans (Akopov et al., 1996). Moreover, in focal
ischemia models, anti-leukocyte interventions decrease cere-
bral edema (Strachan et al., 1992), improve cerebral blood flow
(Grogaard et al., 1989; Connolly et al., 1996; Ishikawa et al.,
2004), and reduce infarct size (Connolly et al., 1996; Zhang et
al., 1994a,b; Chopp et al., 1994; Xu et al., 2004). Finally,
adhesion molecule knockout mice consistently exhibit smaller
lesion volumes following focal stroke than their wild-type
counterparts (Prestigiacomo et al., 1999; Soriano et al., 1996).
The evidence for leukocytes contributing to neuronal injury
following global cerebral ischemia is not as robust, in part
because considerably fewer studies have been conducted
relative to focal stroke. Several interventions that directly or
indirectly reduce inflammation improve outcome in the setting
of global ischemia (Lee et al., 1999; Block et al., 2001; Ueda
and Nowak, 2005). On the other hand, leukocyte-directed
therapies do not always provide benefit in global ischemia
models (Aspey et al., 1989; Schott et al., 1989; Emerich et al.,
2002).

Thus, to investigate whether direct protective effects of Slit
accounted for the neuroprotection we measured in Slit-treated
animals following global ischemia, independent of an anti-
inflammatory effect, we exposed mixed neuronal–glial cultures
to simulated ischemia as a mimic of the in vivo condition. Slit's
ability to protect against neuronal injury in this model, the first
demonstration of its kind that we are aware of, must result from
Slit-mediated signaling of cytoprotective pathways in glia and/or
neurons independent of any reduction in leukocyte chemotaxis.
Although further studies are required to elucidate the mecha-
nistic basis for the observed protective effect, a direct effect of
Slit that improves the glial response to ischemia is possible, since
the ability of glial cells to promote neuronal viability in the
setting of ischemia is well established (Lee et al., 2004;
Rosenberg and Aizenman, 1989; Heidinger et al., 1999;
Trendelenburg and Dirnagl, 2005; Swanson et al., 2004). In
Drosophila, glial Slit receptors play an important role in neuron–
glia interactions by influencing the survival and migration of
both cell types; moreover, interfering with these interactions
alters their responsiveness to Slit–Robo signaling (Kinrade et
al., 2001). Slit might also exert a direct neuroprotective effect
through its association with Rho GTPase-mediated cytoskeletal
rearrangements to stabilize the cellular architecture of the neuron
itself. In particular, there is substantial evidence that Rho
GTPases are involved in synaptic remodeling and maintenance
(Govek et al., 2005), and relative changes in their active/inactive
state are associated with dendritic plasticity (Nakayama et al.,
2000; Pilpel and Segal, 2004). Moreover, inhibition of Rho
GTPases or their effectors protects against ischemia/reperfusion
injury in vivo in both brain (Laufs et al., 2000; Trapp et al., 2001)
and other tissues (Bao et al., 2004). Based on these findings, we
offer the speculation that modulation of Rho GTPase signaling
cascades by Slit has the net effect of maintaining cellular
integrity and function in ischemic brain secondary to its ability to
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prevent or reduce synaptic disruption and other changes in
dendritic morphology crucial to neuronal viability (Hasbani et
al., 2001; Park et al., 1996).

In conclusion, our studies reveal that endogenous Slit neg-
atively modulates cerebrovascular inflammatory responses.
Both cytokine-induced and ischemia-induced leukocyte recruit-
ment in the cerebral microcirculation could be attenuated by
exogenous Slit. Slit-treated animals also exhibited a reduction in
hippocampal pyramidal cell loss following global ischemia,
consistent with our demonstration of a Slit-mediated neuropro-
tective effect in mixed neuronal–glial cultures subjected to
simulated ischemia. Future studies are required to enhance our
understanding of how Slit functions at the molecular level to
reduce leukocyte recruitment and neuronal injury in ischemic
brain, and the extent to which the reduction in CA1 pyramidal
cell injury was secondary to the anti-chemotactic effects of Slit.
Nevertheless, our findings suggest that modulation of Slit levels
and/or activity may serve as a therapeutic strategy for a wide
spectrum of diseases characterized by cerebrovascular inflam-
mation and/or neuronal injury.
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