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Abstract

Introduction: Slit2 is an extracellular matrix protein that regulates migration of developing 

axons during central nervous system (CNS) development. Roundabout (Robo) receptors expressed 

by various cell types in the CNS, mediate intracellular signal transduction pathways for Slit2. 

Recent studies indicate that Slit2 plays important protective roles in a myriad of processes such as 

cell migration, immune response, vascular permeability and angiogenesis in CNS pathologies.

Areas Covered: This review provides an overview of the diverse functions of Slit2 in CNS 

disorders and discusses the potential of Slit2 as a therapeutic target. We reviewed preclinical 

studies reporting the role of Slit2 in various CNS disease models, transgenic animal research and 

rodent models that utilized Slit2 as a therapy.

Expert Opinion: Slit2 exerts a wide array of beneficial effects ranging from anti-migration, 

blood brain barrier (BBB) protection, inhibition of peripheral immune cell infiltration and anti-

apoptosis in various disease models. However, a dual role of Slit2 in endothelial permeability has 

been observed in transgenic animals. Further research on Slit2 will be crucial including key issues 

such as effects of transgenic overexpression versus exogenous Slit2, function of Slit2 dependent 

on cellular expression of Robo receptors and the underlying pathology for potential clinical 

translation.
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1. INTRODUCTION TO SLITS AND ROBO

Slit proteins are key regulators in guiding the migration of axons and neuronal precursors by 

preventing abnormal midline crossings during the development of embryonic nervous 

system [1–3]. Slits are evolutionarily conserved extracellular matrix proteins which were 

discovered to be synthesized by glial cells in the central nervous system (CNS) of 

Drosophila [3, 4]. There are three known isoforms of Slit proteins in the vertebrates which 

includes Slit1, Slit2 and Slit3 [5–7]. Among the Slit proteins, Slit1 is predominantly 

expressed in the developing nervous system whereas Slit2 and Slit3 are also expressed 

outside the nervous system including kidney, lungs, heart and immune cells [7–9]. Slit2 was 

originally identified in Drosophila melanogaster as a chemorepellent preventing 

inappropriate midline crossing by the developing commissural neurons, which played an 

important role in guiding axonal path of the developing embryonic nervous system [2, 3, 10, 

11]. Slit2 exerts its function by binding to the Roundabout (Robo) receptors [6, 12]. Slit-

Robo signaling mediates various biological processes ranging from axonal guidance and 

CNS development to organogenesis, angiogenesis, vascular development, endothelial cell 

migration, leukocyte chemotaxis, tumor metastasis and CNS pathologies. See figure 1.

Although Slit2 was originally identified as an axonal repellent, recent publications show that 

the function of Slit2-Robo extends beyond physiological regulation of the developing CNS 

to regulate disease processes. Emerging evidence shows that among the members of Slit 

family of proteins, Slit2 has important roles in CNS disorders too but there have been no 

review articles focused on the role of Slit2 specifically in CNS disorders. Previously 

published reviews on Slit-Robo signaling have focused on CNS development [6, 13], axonal 

guidance and neuronal migration [14], renal disorders [15], cancers [16, 17], and signaling 

crosstalk [18]. This review is focused on the diverse functions of Slit2-Robo signaling in 

CNS pathologies.

2. STRUCTURE OF SLITS AND ROBO

The mammalian Slit protein contains an N-terminal signal peptide, four leucine-rich repeat 

(LRR) domains, nine epidermal growth factor (EGF)-like repeats, a laminin G-like domain, 

and a cysteine rich C terminus [5, 11].. The Robo family of transmembrane receptors 

consists of four members Robo1, Robo2, Robo3/Rig-1 and Robo4/magic Roundabout that 

mediate intracellular signal transduction pathways for Slit ligands. The structure and 

function of Robo1–3 are similar, and these are single-pass transmembrane proteins which 

belong to the immunoglobulin superfamily [12, 19]. The extracellular region of Robo 

receptors contain five immunoglobulin (Ig) domains and three fibronectin (FN) type III 

repeats, a transmembrane domain and four conserved proline-rich cytoplasmic motifs (CC0-

CC3) [6, 12, 19]. Among Robo receptors, the structure of Robo4 is unique compared to 
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other members of the Robo family. Robo4 contains two extracellular Ig and FN3 domains 

and only two intracellular domains CC0 and CC2 [12, 20].

Among the Slit proteins, Slit2 has been most widely studied during pathological states in the 

CNS. Slit2 is expressed by neurons in the normal adult brain in rats and human brain 

samples [1, 6]. However, in response to an injury Slit2 is expressed by glial cells in addition 

to neurons [21–23], which implicates distinct functions of Slit2 in the adult brain following 

an injury. Among the Robo family, Robo1 receptor was mainly expressed by neurons in the 

normal cerebral cortex while glial cells were either negative or faintly positive for Robo1 

expression [24]. In addition, Robo1 is also highly expressed by non-neuronal cells such as 

the peripheral immune cells [8, 9]. Robo4 is an endothelial-specific transmembrane receptor 

which has vascular stabilization and anti-angiogenic functions [25–28]. The Robo4 receptor 

was found to be expressed by brain microvascular endothelial cells [29].

3. SLIT BINDING CHARACTERISTICS TO ROBO AND OTHER RECEPTORS

Robo receptors are known to mediate the critical repulsive guidance cues upon binding of 

Slits. However, the molecular interaction between Slit and Robo is not completely 

understood and how this interaction leads to downstream signal transduction has not been 

fully elucidated. Published studies provide some evidence to the manner in which Slit binds 

to and activates Robo receptors. In addition to the effects of Slit mediated via binding to 

different Robo receptors, other receptors have also been shown to play a role in Slit 

functions.

Slit proteins are cleaved within the fifth EGF region which releases the ~110–140 kDa N-

terminal fragment (Slit2-N) that binds to Robo receptors and the ~55 kDa C-terminal 

fragment (Slit2-C) [12, 13]. The second LRR domain of Slit2 directly binds with Ig domain 

of Robo to transduce downstream signaling pathways [12]. Biochemical and structural 

studies revealed that the Ig1 domain of Robo1 primarily interacts with Slit2 while the Ig2 

domain could be a secondary binding site for Slit2 [30]. Additionally, the domain 4 (D4) Ig4 

region of Robo-mediated dimerization was identified to be key for Robo activation, and 

auto-inhibition of this region prevented dimerization and premature activation of Robo 

receptors [31, 32]. Slit releases the auto-inhibition of Robo and thereby mediates the 

activation of Robo receptors [31]. Also, Slit2-N binding can induce conformation change in 

the inactive Robo1 dimers which is required for receptor activation [33].

In addition, heparan sulfate/heparin has been shown to play an integral role in Slit-Robo 

signaling [34]. The second LRR domain of Slit was shown to have a binding site for heparin/

heparan sulfate at the C-terminal cap region [34]. Biochemical and functional studies 

revealed that heparin, the highly sulfated variant of heparan sulfate enhanced the affinity of 

Slit-Robo interaction [34]. Furthermore, Robo structure-based mutagenesis studies using 

Robo mutants identified heparan sulfate/heparin binding sites in Robo Ig domains which 

contributed to Slit-Robo signaling [35].

Existing literature supports that Slit2 can elicit its functions by signaling via Robo1 and 

Robo2 receptors, but there is controversy whether it can bind Robo4. Furthermore, Robo3 
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does not bind to Slit ligands with high affinity [36] and there is conflicting evidence 

regarding whether Slit2 can bind to Robo4 [28, 37–40]. Furthermore, Robo4 can also bind to 

another endothelial-specific receptor Unc5B to mediate its vascular effects [27].

Although the Slit2-N fragment has been implicated to be the active fragment that contributes 

to Slit functions, recent study showed that the C-terminal fragment of Slit2 also participates 

in its biological functions indicating that the effects of Slit2 can be independent of the Robo 

receptor-binding N-terminal domain [41]. Additionally, a recent study identified that Slit C-

terminal fragment specifically can bind to the sempahorin-receptor PlexinA1 to elicit 

repulsive guidance cues for the commissural axons, and the interaction between the two did 

not require Robo receptor [42]. Thus, these findings indicate that not only full-length and N-

terminal region of Slits but the C-terminal fragment can mediate functions of Slits via 

interacting with diverse receptors.

4. DOWNSTREAM TARGETS OF SLIT2-ROBO SIGNALING IN THE CNS

4.1 Small Rho-GTPase Cdc42

Various axon guidance cues regulate actin polymerization at the leading edge of growth 

cones during cell motility or axon pathfinding by modulating the activity of cytoskeletal 

regulatory proteins. Cdc42 is a member of the small Rho-GTPases that regulates actin 

cytoskeletal polymerization during cellular motility. Modulation of Cdc42 activity by 

various guidance cue molecules has been implicated in directing cell migration [25]. Yinn et 
al. showed that Slit2 regulated Cdc42 activity in glioma cells dependent on Robo1 receptor 

in vitro [43]. The expression of Slit2 in glioma cells attenuated Cdc42 activity, and this 

effect was reversed with immunodepletion of Slit2. Likewise, immunodepletion of Slit2 also 

reversed the effects of Slit2 to inhibit glioma cell migration [43]. Additionally when glioma 

cells were transfected with Robo1 small interfering RNA (siRNA), the effects of 

recombinant Slit2 to inhibit cell migration and reduce Cdc42 activity were reversed 

suggesting that Slit2 inhibited glioma cell migration by attenuating Cdc42 activity 

dependent on Robo1 receptor [43]. Additionally, inhibition of Cdc42 activity promoted the 

anti-migratory effects of Slit2 thereby preventing peripheral immune cells from reaching the 

injured perisurgical brain tissue surrounding the surgical resection site in a rat model of 

surgical brain injury (SBI) [44]. However, the activation of Cdc2 and PAK was downstream 

of Nck1 and 2 in response to Slit2-Robo1 activation which mediated sprouting angiogenesis 

in the postanatal retina and during embryonic development [45].

4.2 Focal Adhesion Kinase (FAK)

Previous study showed that Slit2 regulated neuronal motility in a focal adhesion kinase 

(FAK) and Cdc42-dependent manner in vitro [25]. Positive guidance cues such as brain 

derived neurotrophic factor (BDNF) and laminin increased Cdc42 activity and enhanced 

cellular protrusion, whereas Slit2 decreased Cdc42 activity and lamellipodia formation in the 

growth cones thereby reducing neuronal migration, which was disrupted with the expression 

of constitutively active FAK [25]. These findings suggested that Slit2 regulated neuronal 

migration by modulating Cdc42 activity in a FAK-dependent manner. The downstream 

effectors of Cdc42 such as p21-activated kinase (PAK) and N Wiskott Aldrich Syndrome 
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Protein (N-WASP) modulate actin polymerization and therefore may affect cell migration 

[25].

4.3 Src and Extracellular Signal-regulated Kinase (Erk) 1/2

Previous study using a glioma blood-tumor barrier (BTB) model in vitro showed that Slit2 

had anti-permeability effect on endothelial cells derived from the BTB. Robo4 knockdown 

increased BTB endothelial permeability by disrupting tight junction proteins which was 

mediated via the activation of Src-Erk1/2 and matrix metalloproteinase 9 (MMP-9) signaling 

pathway [29]. Inhibitors of Src and Erk partially reversed the increase in BTB permeability 

and MMP-9 activity induced by Robo4 knockdown, which showed that Src and Erk1/2 are 

downstream mediators involved in endothelial Robo4 activation.

5. REGULATION OF SLIT2-ROBO IN THE CNS

5.1 Transcription Factors Pax6

Various regulatory genes control the expression of axonal guidance molecules and thereby 

regulate the path that axonal fibers travel. Among few studies that have explored the role of 

regulatory genes and transcription factors that control expression of Slit and its receptor 

Robo, the transcription factor Pax6 seems to play a role in axonal pathfinding during brain 

development by regulating Slit proteins [46]. The expressions of Slit1 and Slit2 were 

downregulated whereas netrin-1 was upregulated in the dorsal thalamus of Pax6 deficient 

mice [46]. This was associated with aberrant pattern of axonal projections from mammillary 

bodies to thalamus and midbrain in Pax6 mutant mice [46]. The expression of Slit3 did not 

change, which was low in wild type and mutant mice. However, expression patterns of the 

receptor for netrin-1, deleted in colorectal cancer (DCC), and Robo1–3 was similar between 

Pax mutant and wild type embryonic mice [46]. Mutations in genes that encode Pax6 may 

lead to reduced Slit1 and Slit2 expression resulting in abnormal axonal pathfinding.

5.2 MicroRNA 218

MicroRNAs (miRNA) are short noncoding single-stranded RNAs, ~22 nucleotides in length, 

that inhibit the expression of target mRNAs. The intron of the Slit2 and Slit3 genes encode 

microRNA 218 (miR-218) [47, 48]. The expression of miR-218 was found to be at high 

levels in the adult mice brain as well as in vascular organs such as the heart, lungs and eyes 

and showed similar expression patterns to the Slits. Furthermore, miR-218 repressed the 

expressions of Robo1 and Robo2, and negatively influenced endothelial cell migration 

which implicated critical roles of miR-218 and Slit-Robo balance for maintaining vascular 

pattern [47, 48].

MicroRNAs have been shown to function as oncogenes or tumor suppressors in various 

types of cancers. MicroRNA 218 in particular was downregulated in glioma cell lines and in 

human glioma tissues [26]. Transfection of glioma cells with miR-218 inhibited the 

migration and invasion of glioma cells through modulation of Slit2-Robo1 pathway [26], 

and overexpression of miR-218 inhibited tumorigenesis and proliferation of glioma cells 

[49]. MicroRNA 218 transfection was associated with increased expression of Slit2 but 

downregulated the expression of Robo1 in glioma cells by targeting the 3′-untranslated 
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region of Robo1 [26]. These findings are similar to previous studies in which miR-218 was 

shown to have a tumor suppressive function by inhibiting invasion and progression of gastric 

and nasopharyngeal cancer cells by downregulating Slit2-Robo1 pathway [50, 51]. 

MicroRNAs may therefore be important therapeutic targets to reduce the invasiveness of 

glioma cells by regulating the expression of Slit2 and its receptor Robo.

5.3. Nuclear Scaffold Protein Promyelocytic Leukemia (PML)

The Slit proteins have been implicated to play a role the migration of neural cells as well 

neoplastic cells in the CNS [52, 53]. Cell migration is an important process both during 

neurogenesis and glioblastoma multiforme (GBM) aggressiveness. Previous study identified 

the nuclear scaffold protein promyelocytic leukemia (PML) upstream of Slits in regulating 

the migration of neural precursor cells (NPCs) and GBM cells. The NPCs derived from 

PML−/− mice displayed increased proliferation and impaired migration in vitro [52]. 

Among the various genes involved in regulation of cell migration that were analyzed, Slit2 

gene was found to be upregulated in PML−/− cells. Furthermore, the study suggested that 

the pro-migratory role of PML was mediated via Polycomb repressive complex 2 (PRC2)-

mediated repression of Slit genes [52]. The PRC2 induces histone modification and DNA 

methylation of tumor suppressor genes [53]. This study provides insights into possible 

upstream regulator of Slit2 that can be targeted in malignant tumors.

5.4 Endocannabinoids and Cannabinoid Receptors

The upstream factors that regulate Slit-Robo signaling, expression and function remains 

poorly explored. In the developing brain, Slit2 regulates the direction of migrating axons 

specifically by preventing midline crossing and maintaining the dorsoventral positioning of 

axons. Endocannabinoids and cannabinoid receptors 1 and 2 have been implicated as 

upstream regulators of Slit2-Robo1interaction during development of the forebrain axonal 

tracts [54]. Cannabinoid receptor activation increased the accumulation of Slit2 in the 

oligodendrocyte end feet and Robo1 at the axonal growth cones, thereby promoting Slit2-

Robo interactions during axonal tract formation. These findings have important implications 

in utero exposure to cannabis as well as in stroke and cerebrovascular diseases in which 

cannabinoid receptors have been implicated to play important roles.

6. ROLES OF SLIT2 DEPENDENT ON CELL TYPES IN THE CNS

6.1 Slit2 in Endothelial Cells

Previous studies that have examined the role of Slit2 on endothelial cells show that Slit2 

provides endothelial protective function in the CNS. Robo4 receptor is the endothelial 

specific receptor for Slit2 that is expressed in various organs and in human brain 

microvascular endothelial cells. The vascular protective function of Slit2 has been explored 

in various models, and Slit2 was found to reduce vascular hyperpermeability which 

depended on Robo4 receptor in mouse models of pulmonary inflammation and retinopathy 

[37, 55]. Robo4 null mice had increased severity of lung injury than Robo4+/+ mice when 

subjected to lung inflammation [55], which proposed a protective function for Slit2-Robo4. 

An in vitro model of BTB model was utilized to explore the role of Slit2-Robo4 in 

maintaining BTB stability [29]. The expression of Robo4 was upregulated in human glioma 
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tissues compared to normal brain tissues as well as in glioma cocultured endothelial cells 

derived from the BTB model [29]. Slit2 pretreatment reduced BTB endothelial permeability 

but the protective effect of Slit2 was not seen in the presence of Robo4 knockdown. 

Additionally, Robo4 overexpression reduced BTB permeability which was associated with 

reduced MMP-9 activity and a corresponding increase in endothelial tight junction proteins 

[29]. Whereas, Robo4 knockdown increased endothelial BTB permeability 1.41 times higher 

compared to the control group and elicited the opposite effect on MMP-9 activity and tight 

junction protein expression. Furthermore, Src and Erk1/2 were downstream mediators 

involved in regulation of MMP-9 activity by Robo4 [29]. Likewise, we explored the 

potential BBB protective function of Slit2 following surgical brain injury (SBI), and we 

observed that Slit2 protected BBB stability in SBI rat model which was dependent on Robo4 

receptor signaling pathway [44]. Recombinant Slit2 administration prior to inducing 

neurosurgical injury reduced post-operative brain edema, BBB permeability and endothelial 

tight junction protein disruption following SBI compared to control group [44].

However, a dual role of Slit2 has been implicated in the vascular endothelial cells outside of 

CNS. The endothelial protective function of Slit2-Robo4 was observed following intraocular 

injections of Slit2 in a retinal vascular hyperpermeability model in mice [37]. Slit2 reduced 

vascular hyperpermeability in rodent model of lung inflammation [55] and inhibited Andes 

virus induced disruption of endothelial adherens junction proteins in human pulmonary 

microvascular endothelial cells (PMECs) [56]. However, vascular permeability was 

increased in Slit2 transgenic mice compared to wild type mice subjected to laser-induced 

choroidal neovascularization along with upregulation of Slit2, Robo1, vascular endothelial 

growth factor receptor 2 (VEGFR2), and phosphorylated Erk 1/2 [57].

Furthermore, Slit-Robo has been implicated in regulation of endothelial cell migration and 

angiogenesis. Migration and biochemical analysis suggest that Slit2 binds endothelial cells 

expressing Robo1 and Robo4 and inhibits endothelial migration in vitro [39]. Endothelial 

cell knockout of Robo4 abrogated this effect leading to a pro-migratory response. However, 

in vivo studies indicate that Slit mediates angiogenic signals via Robo1 and Robo2, while 

there is no indication that binding of Slit-Robo4 regulates angiogenesis. Studies outside the 

CNS indicate that Slit proteins can modulate angiogenesis with Slit2 and Slit3 being 

implicated to have pro-angiogenic effects [58, 59]. The study by Rama et al. used Slit2 

conditional knockout mice which showed that Slit2 was required for retinal angiogenesis. 

Furthermore, using mice with genetic loss of function of the Robo receptors, the study 

showed that Slit2 potently promoted retinal angiogenesis via Robo1 and Robo2 receptors in 

the postnatal mouse retina and in mouse model of oxygen-induced retinopathy [58]. This 

study indicated that blockade of Slit binding to Robo1 and Robo2 receptors may inhibit 

pathological angiogenesis in ocular neovascular diseases. In primary osteoblasts, Slit3 was 

identified as an angiogenic factor negatively regulated by the adaptor protein Schnurri3 

(SHN3), a suppressor of osteoblast activity. The study found that Shn3−/− osteoblasts had 

higher levels of Slit3, and conditioned media derived from Shn3−/− osteoblasts induced 

endothelial migration and capillary tube formation, which was abrogated with Slit3 blocking 

antibody. Furthermore, Robo1 receptor was found to mediate the endothelial response to 

Slit3 in promoting osteogenic response [59].
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Various molecular mechanisms involved in Slit-Robo signaling in endothelial cells 

migration and angiogenesis have been reported. The adaptor proteins Nck1 and 2 binding to 

Robo1 was required for endothelial cell polarity and migration which contributed to Slit2 

mediated sprouting angiogenesis in the postnatal retina and embryonic development [45]. 

Endocytosis and subsequent receptor signaling has emerged as a mechanism of VEGF 

signaling during angiogenesis. Slit2 was shown to be involved in VEGFR2 endocytosis, 

which provides insights into how it may regulate angiogenesis [60]. Slit2-Robo1/2 promoted 

EndophilinA2-mediated endocytosis of VEGFR2 and downstream PAK activation which 

promoted endothelial cells migration during angiogenesis [60]. However, in the absence of 

VEGF the internalized VEGFR was inactive. This may partly explain why Slit2 may have a 

dual role during angiogenesis, wherein Slit2 mediated internalization of VEGFR reduces 

receptor availability for signaling and on the other hand, in the presence of VEGF with Slit2 

there is enhanced VEGFR2 internalization and downstream activation [60].

Moreover, the endothelial response to Slit2 seems to be dependent on tissue specific 

expression of the type of Robo receptors. Studies from systemic pathologies indicate that the 

expression and function of endothelial Robo4 may be context dependent and can vary 

depending on the pathology. For instance, Robo4 was upregulated in endothelial cells in 

various neoplasms [29]. The expression of Robo4 was downregulated in virus-infected 

human PMECs, and the PMECs predominantly expressed Robo4 but not Robo1 [56]. Slit2 

inhibited viral-induced permeability in PMECs by interactions with Robo4. However, the 

anti-permeability effect of Slit2 was not observed in human umbilical vein endothelial cells 

(HUVECs) which express similar levels of Robo4 and Robo1 receptors [56]. These findings 

suggest that the endothelial response to Slit2 is dependent on tissue specific endothelial cell 

expression of Robo receptors.

6.2 Slit2 in Pericytes

Pericytes are special cell types that provide structural support to capillaries and interact with 

endothelial cells by making direct cell-cell contacts and through paracrine signals. Pericytes 

play a critical role during physiological and pathological angiogenesis [61]. During initial 

stage of angiogenesis, pericytes detach from the endothelial cells which enables endothelial 

cells to migrate and proliferate into surrounding extracellular matrix giving rise to sprouting 

new vessels which are stabilized by the newly recruited pericytes [62]. The surface of 

pericytes exhibited higher levels of Robo1 and low levels of Robo4 receptors. Slit2 inhibited 

platelet derived growth factor (PDGF) induced human brain vascular pericyte motility in an 

in vitro wound healing assay [63]. Slit2 also inhibited PDGF-induced lamellipodia 

formation in the pericytes, features suggestive of a pro-migratory phenotype [63]. The 

pericyte chemorepellent effect of Slit2 was partially decreased but not abolished by 

antibodies blocking Robo1 and Robo4 receptors [63]. Additionally, pericytes were found to 

secrete high levels of Slit2 while negligible amounts of Slit1 and Slit3 suggesting that Slit2 

secreted by pericytes may act on Robo receptors in an autocrine manner to regulate pericyte 

function during angiogenesis. These findings provide insights into angiogenic processes that 

depend not only on endothelial cells but also on pericyte migration. The effect of Slit2 on 

pericyte function also seems to determine angiogenic regulation by Slit2 which cannot be 

overlooked.
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6.3 Slit2 Inhibition of Leukocyte Migration

The repulsion effect of Slit on migration appears to be conserved across varying cell types. 

Slit2 has been known for its role in repelling the migration of axons and neurons during 

CNS development. Additionally, the inhibitory effect of Slit2 on leukocyte migration was 

demonstrated in vitro studies [9] as well as in systemic diseases such as lung inflammation 

and glomerulonephritis in rodent models, see table 1 [15, 55]. In the CNS, a few studies 

have shown that Slit2 modulates cerebrovascular inflammatory response following injury. 

Altay et al. reported that systemically administered exogenous human Slit protein attenuated 

cerebral microvessel leukocyte-endothelial adherence following TNFα inflammatory 

response and after global cerebral ischemia in mice [64]. In the SBI rodent model, we 

observed that exogenous recombinant Slit2 reduced peripheral leukocyte infiltration to the 

perisurgical brain tissue, and this anti-migratory effect was mediated via Robo1 and srGAP1 

dependent mechanisms [65]. These findings suggest that Slit2 may be a potential anti-

inflammatory target in CNS pathologies. Interestingly, a recent study discovered that 

different isoforms of Slit can have differential effects on neutrophil chemotaxis. The study 

showed that ~140-kDa N-terminal Slit2 fragment (Slit2-N) had a chemoattractant effect 

whereas the ~110-kDa N-terminal Slit2 fragment (Slit2-S) was chemorepellent for human 

neutrophils [66]. Both isoforms mediated their effects via Robo1 receptor activation though 

downstream signaling pathway was different. This finding has important implications when 

designing therapeutics given that different immune cells may express Robo receptors 

differently, and the chemotactic response may therefore depend on the immune cell type and 

the type of Slit2 fragment.

7. PRECLINICAL STUDIES OF SLIT2 AND ROBO IN THE CNS

7.1 Role of Slit2 During CNS Development

7.1.1 Slit2 in Guidance of Axonal Migration and Neurogenesis—Multiple 

factors are involved in guiding the axons projecting from diverse neuronal populations in the 

brain towards appropriate direction during CNS development [67]. Among such factors, 

Slit2-Robo signaling has emerged as a conserved system that guides path of axons in the 

developing nervous system across species. Slit proteins in the brain are crucial during 

development of forebrain axons since it maintains the proper position, extension and 

crossing of axons and axonal tracts in the forebrain [13]. During development the forebrain 

exhibits complementary pattern in the expression of Slit1 and Slit2 proteins with the 

expressions of Robo1 and Robo2. The projecting axons avoid regions expressing high levels 

of Slit2 mRNA during development of the axonal tract projections in embryonic mice [13]. 

Slit2 therefore acts as an axonal repellant thereby, guiding migration of axons in the proper 

direction. Additionally, Slit mutant mice exhibited abnormal patterns and positioning of 

axonal tract projections during development [13]. Studies using Slit or Robo knockout mice 

showed that axons abnormally approached and crossed the midline during development in 

different regions of the brain [68–70]. Additionally, Robo2 knockdown led to severe loss of 

forebrain descending tract fibers. There is some evidence that in addition to Slit2, other Slits 

also aid in guiding the developing axons. For instance, Slit2 antisense morpholino 

oligonucleotides that targeted translation of Slit2 mRNA reduced the formation of axonal 
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projections, and simultaneous inhibition of both Slit2 and Slit3 function further reduced the 

projecting axons [67].

Recent paper showed that Slit-Robo signaling can also modulate cortical neurogenesis. The 

study discovered that inhibition of Robo signaling drives indirect neurogenesis, a process 

which involves the production of intermediate progenitor cells (IPCs) that ultimately divide 

to produce neurons. This study suggested that attenuation of Robo receptor signaling as the 

mechanism underlying the evolutionary expansion of complex mammalian cerebral cortex 

[71].

7.2 Role of Slit2 in CNS Disorders

7.2.1 Slit2 in Glioma—Given the repellant function of Slit2, its role in the migration and 

invasiveness of glioma cells have been explored in rodents. Malignant glioma is the most 

common primary brain tumor in adults and is associated with high mortality and poor 

prognosis [26]. The invasive nature of glioma increases the risk of its recurrence despite 

surgical removal, and invasiveness is the most common indicator for poor prognosis in 

glioma patients. Dysregulation of cell motility has been postulated to be involved in glioma 

cell infiltration thereby promoting invasive nature of the tumor [26, 43]. While the role of 

Slit-Robo system in axon and neuronal migration is well established, fewer studies have 

examined the role of Slit2 in CNS tumors. Slit2 is normally expressed by neurons and 

astrocytes in the normal brain and evidence from published studies indicate that Slit2 has 

tumor suppressive function [24, 72]. In human glioma cells, Slit2 was expressed at very low 

levels and the expression was lowered further more so with malignant progression [24, 43, 

72]. However, Robo1 protein and mRNA was highly expressed in different grades of glioma 

and the percent of tumors that expressed Robo1 increased as tumor invasiveness progressed 

[24, 72]. Mertsch et al. suggested that hypermethylation of SLIT2 promoter associated with 

increasing grade of glioma may be responsible for the lower expression of Slit2 in high 

grades tumors similar to what has been reported in peripheral tumors outside the CNS 

including colorectal, cervical and renal cancers [73–75].

There is some supporting evidence that methylation of SLIT2 gene regulates its expression 

in glioma cells. While normal brain samples lacked any methylation at the SLIT2 promoter 

region, the CpG island on SLIT2 promoter was frequently hypermethylated in 59% (37/63) 

of glioma tumors analyzed and in 71% (5/7) glioma cell lines with a corresponding loss in 

Slit2 expression, which was restored after treatment with demethylating agent 5-aza-2’-

deoxycytidine in glioma cell lines [76]. This was associated with reduced expression of Slit2 

depending on the degree of methylation of the promoter. Furthermore, treatment with 

demethylating agent restored SLIT2 gene expression in the methylated glioma cell lines but 

did not change the expression of SLIT2 in unmethylated glioma cell lines indicating that 

hypermethylation of SLIT2 promoter reduced the expression of Slit2 in the tumors [76].

The Slit-Robo system has been shown to be important regulators in guiding motility of 

various cell types; few studies examined the involvement of Slit2 and Robo in tumor cell 

migration in the CNS. Yinn et al. observed that glioma cells treated with recombinant Slit2 

or stably transfected with Slit2 gene exhibited reduced capacity to migrate and invade when 

compared to controls in vitro [43]. In addition, the capacity of tumor cells to infiltrate and 
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invade into brain parenchyma was impaired when glioma cells transfected with Slit2 gene 

were implanted intracranially in the mouse brain [43]. When glioma cells were transfected 

with Robo siRNA, the anti-migratory effects of Slit2 was reversed suggesting that Slit2 

inhibited glioma cell migration in a Robo1 dependent manner [43]. Similar findings were 

observed by Mertsch et al. in which Slit2 reduced migration of glioma cell lines which was 

neutralized by knockdown of Robo1 in vitro [24]. These observations suggest that Slit2-

Robo1 has a critical role in glioma cell migration which provides important knowledge in 

understanding the invasive nature of gliomas. Since glioma cell invasion into brain 

parenchyma is a major contributor to tumor recurrence, the tumor suppressive role of Slit2 

may provide novel treatment strategies against malignant gliomas.

7.2.2 Slit2 in Cerebral Ischemia—The expression of Slit2 and Robo receptors has 

been shown to be altered after cerebral ischemia in rodent models. In a study by Park et al., 
the temporal changes and cellular expression of Slit2, Robo1 and Robo4 was characterized 

for up to 28 days after transient forebrain ischemia in a rat model [22]. Slit2 was 

constitutively expressed by neurons in control animals with negligible expression in glial 

cells. Following ischemic injury, Slit2 immunoreactivity was increased in the ischemic 

hippocampus which was evident at day 3 after injury with progressive increases seen at days 

7, 14 and 28 after injury. Slit2 expression was selectively induced in reactive astrocytes with 

negligible expression in microglia in the ischemic hippocampus [22]. The spatiotemporal 

distribution of Robo was similar to that of Slit2. In sham animals, Robo1 and Robo4 was 

localized to the neurons but were absent in astrocytes or microglia. However, in the ischemic 

hippocampus, the expression of Robo1 and Robo4 was induced in reactive astrocytes in a 

similar pattern as Slit2 which was noted at day 3 and further increased at days 7, 14 and 28 

after reperfusion [22]. The induction of Slit2 and Robo expression coincided with reactive 

astrocytosis after transient ischemia, and the study suggested that Slit2-Robo potentially 

modulate glial response during the recovery phase. Additionally, these findings suggest a 

novel role for Robo4 in reactive astrogliosis and long-term recovery after ischemic injury in 

addition to its conventional role in modulating the vascular system.

In a study by Jin et al., the spatiotemporal distribution pattern of Slit2 and Robo receptors 

Robo1, Robo2 and Robo4 were evaluated for up to 10 weeks following transient cerebral 

ischemia in a middle cerebral artery occlusion (MCAO) rat model [23]. Slit2 and Robo 

receptors shared an overlapping expression patterns in the ischemic striatum. Slit2 and Robo 

were expressed by neurons in sham rats, and following transient cerebral ischemia the 

expression of Slit2 and Robo receptors was observed predominantly in reactive astrocytes in 

the peri-infarct area which was evident by day 3 after reperfusion and progressively 

increased during 10 week observation period [23]. The long-lasting induction of Slit2 and 

Robo predominantly occurred in reactive astrocytes surrounding the infarct area, suggesting 

that Slit2 and Robo are related to reactive astrocytes after ischemic stroke. Reactive gliosis 

can provide a protective barrier and limit the progression of injury but on the other hand it 

may hinder axonal regeneration which may be detrimental. Additionally, the outcome of 

astroglial response may also vary depending on the time point when Slit2-Robo induction 

and reactive gliosis occurs following an injury, which is essential to be considered when 

designing therapeutics.
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Slit2 also modulated leukocyte migration to the brain following cerebral ischemia. Slit2 can 

inhibit the migration of various cell types including neurons, pericytes, endothelial cells, and 

peripheral leukocytes [5, 77]. The inhibitory effect of Slit2 on peripheral leukocyte 

migration to the brain has been a recent addition to the spectrum of anti-migratory effects of 

Slit2 on various cell types. Altay et al. explored the role of Slit to reduce cerebral leukocyte 

migration in rodent models [64]. Exogenous Slit administration decreased leukocyte 

adherence by 98% in cerebral microvessels 4 hours following TNFα exposure [64]. Similar 

effects were observed after experimental global cerebral ischemia in which 79% reduction in 

leukocyte adherence was observed 24 hours following bilateral common carotid artery 

occlusion induced global cerebral ischemia in mouse model [64]. Administration of RoboN, 

the soluble receptor for Slit reversed the inhibitory effect of Slit on leukocyte migration to 

cerebral microvessels after global ischemia. Additionally, neutralizing endogenous Slit 

exacerbated TNFα induced cerebral microvessel leukocyte recruitment suggesting an anti-

migratory role of both endogenous and exogenous Slit following cerebrovascular 

inflammation [64]. A recently published study from our lab explored the role of Slit2 in 

hypoxic-ischemic encephalopathy (HIE) injury in a neonatal rat model [78]. Deprivation of 

oxygen supply to the neonatal brain due to asphyxia during perinatal period causes brain 

injury which can lead to long term neurological disabilities including mental retardation, 

cerebral palsy, seizures and even mortality in some cases [79]. Neuronal apoptosis is a major 

cause of neuronal cell death following hypoxic-ischemic injury to the brain [78, 80]. 

Administration of recombinant Slit2 reduced neuronal apoptosis and improved long-term 

neurological deficits up to 4 weeks after neonatal HIE in rat pups. There was reduction in 

brain infarct volume, cell death and improved neurological function in HIE rats that were 

treated with recombinant Slit2. Furthermore, the study utilized recombinant Robo1 as a 

decoy receptor and knocked down Slit-Robo GTPase activating protein 1 (srGAP1) which 

reversed the protective effects of Slit2. This study elicited that the neuroprotective role of 

Slit2 was potentially mediated through activation of Slit2-Robo1 and srGAP1 pathway [78]. 

These studies provide evidence of the diverse functions of Slit2 which can target critical 

pathologies commonly encountered after ischemic brain injuries.

7.2.3 Slit2 in Traumatic and Surgical Brain Injury—The role of Slit2 after brain 

injury has been examined in a few studies. In a cryo-injured traumatic brain injury (TBI) 

mouse model Slit2 was found to be highly expressed by neurons and astrocytes surrounding 

the lesion [21]. Slit2 was the predominant member of Slit family proteins expressed in the 

surrounding necrotic tissue following cryo-injury, while Slit1 and Slit3 showed much 

weaker expression [21]. Slit2 mRNA was elevated during the early phase of injury by day 2 

and reached a peak at day 7 followed by a decline in expression on day 14 post-injury. The 

proximal reactive astrocytes surrounding the lesion expressed Slit2 but not the distal 

astrocytes, microglia or oligodendrocytes [21]. Furthermore, Slit2 co-localized with the 

heparan sulfate proteoglycan, glypican-1, indicating a possible involvement of Slit2 and 

glypican-1 interaction during recovery after TBI. The heparin sulfate chain of glypican-1 

binds with high affinity to Slit2 and the authors postulated that such a binding may increase 

the interaction of Slit2 with Robo during recovery after injury.
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Likewise, we observed that Slit2 increased in the surrounding perisurgical brain tissue 

following SBI in a rat model [65]. The SBI rat model represents a clinical scenario of injury 

to the brain that occurs due to inadvertent injury that can be inflicted to the perisurgical brain 

tissue during neurosurgical procedures in the brain [81–83]. We observed that Slit2 played a 

role against neuroinflammation and endothelial protection in SBI rodent model. Slit2 was 

expressed by both neurons and astrocytes in the perisurgical brain tissue surrounding the 

neurosurgical injury [65]. Slit2 was increased as an endogenous protective response to 

neurosurgical injury, since knockdown of Slit2 worsened outcomes in SBI rat model. 

Additionally, recombinant Slit2 administration improved outcomes after surgical brain 

injury by reducing brain edema and neuroinflammation in the perisurgical brain tissue [65]. 

Slit2 reduced the infiltration of peripheral immune cells as indicated by reduced leukocytes 

and neutrophils infiltration at the injury site [65]. The protective effects of Slit2 against 

immune cell infiltration were mediated via Robo1-srGAP1 mediated inhibition of Cdc42 

activity [65]. Recombinant Slit2 also preserved BBB tight junction proteins following SBI 

[44]. The protective mechanism of Slit2 against BBB disruption was mediated via Robo4 

receptor and Paxillin dependent activation of Rac1 signaling pathway, thereby preserving the 

expression of endothelial junction proteins [44]. These findings demonstrate pleiotropic 

effects of Slit2 which makes it a potential therapeutic target for CNS disorders given that 

Slits and Robo are expressed by all cell types in the neurovascular unit. These studies 

indicate that Slit2 is increased in response to injury possibly as the body’s protective 

response to aid with the recovery. These findings have direct clinical implications since 

neurosurgical injury is often overlooked and therapeutic targets will provide opportunities 

for treatments to reduce potential post-surgical complications.

7.2.4 Slit2 in Epilepsy—The expression and spatiotemporal change of Slit2 in relation 

to synaptic plasticity after temporal lobe epilepsy was characterized by Fang et al. The study 

evaluated the expression of Slit2 after temporal lobe epilepsy using temporal neocortex 

samples from patients with intractable temporal lobe epilepsy and in experimental animals 

[84]. While Slit2 was mainly expressed by neurons in normal human controls, samples taken 

from patients with intractable temporal lobe epilepsy showed that Slit2 was increased and 

expressed by both neurons and astrocytes [84]. Similar findings were observed in the 

experimental rat model with lithium-pilocarpine administration induced seizures [84]. Slit2 

gradually decreased in the acute phase from days 1 to 14 post-seizure compared to controls 

and then increased to reach peak levels at 30 and 60 days [84]. Slit2 was expressed by 

neurons in control rats and during the acute and latent phase of epilepsy in the rat model. 

However, during the chronic phase at 30 and 60 days, Slit2 was mainly expressed by 

astrocytes [84]. This study suggests that Slit2 could be an important guidance molecule to 

direct axonal sprouting towards the correct target during remodeling phase after epilepsy 

[84]. Changes in Slit2 expression during the course of epilepsy may affect the formation of 

neural circuits and mossy fiber projections, and this can have important implications in the 

plasticity and recovery after epilepsy. The authors suggest that downregulation of Slit2 

during the acute phase after epilepsy may facilitate remodeling that promotes seizures, 

whereas upregulation of Slit2 during the chronic phase may prevent abnormal sprouting. 

Further investigation into the role of Slit2 after epilepsy is necessary to delineate its function 

after epilepsy.
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7.2.5 Slit2 in Spinal Cord Injury—The role of Slits in the spinal cord injury remains 

less studied compared to brain injuries. During recovery after spinal cord injury the 

environmental repellent and attractant cues have been implicated to play important roles to 

guide the axonal growth cones. Few studies have examined the role of Slit and Robo in 

axonal pathfinding and synapse formation during spinal cord injury. The expression of a 

number of guidance and synaptogenic molecules including Slits were found to be present in 

the spinal cord in healthy adult mice and following injury [85]. In a rat model of traumatic 

spinal cord injury, the expression profiles of Slit2 and Robo1 was evaluated which showed 

that both the mRNA and protein levels of Slit2 was upregulated while Robo1 remained 

unchanged following injury [86]. Slit2 expression was increased at day 7 and peaked at day 

14 after spinal cord injury and returned to normal levels 21 days after injury in the rat model 

[86]. Slit2 was detected in the neuronal plasma membrane but did not co-localize with glial 

fibrillary acidic protein (GFAP)-positive astrocytes [86]. Furthermore, Slit2 was identified to 

promote synaptogenesis during recovery after spinal cord injury in a female rat model. Slit2 

was decreased but Robo1 and RhoA increased after injury, possibly delaying recovery after 

the injury. The study demonstrated that treatment with Slit2-N or inhibition of Robo1 or 

RhoA enhanced synapse formation at 6 weeks following injury and promoted functional 

recovery over 8-week period after the injury [87].

In the mouse spinal cord injury model, Slit1 and Slit3 mRNAs were detected at the center of 

the lesion 8 days after injury but not Slit2 [88]. Furthermore, the Slits and Robo1–3 were 

expressed by macrophagic or fibroblastic cells. The study suggested that Slits and other 

chemotactic factors possibly control the migration of macrophages, angiogenesis and lesion 

scarring, which may inhibit axonal outgrowth following injury.

Likewise, in a mouse model of sciatic nerve transection injury the changes in Slit1–3 and 

Robo1–3 expressions in the spinal cord, dorsal root ganglia (DRG) and sciatic nerve was 

evaluated during 4 to 14 days after injury [89]. Although there were no significant changes 

in Slit2 and Robos in the spinal cord, a dynamic change in their expressions was observed in 

the peripheral nervous system following injury. Slit2 was downregulated in the distal nerve 

stump after the injury and gradually upregulated in the proximal stump upon axonal 

regeneration. Slit3 was the major ligand expressed in the nerve bridge and distal sciatic 

nerve stump, and Robo1 and Robo2 changes were observed after injury [89]. The study 

indicated that Slit3-Robo signaling played important role in peripheral nerve regeneration 

and Slit2 maintains homeostasis of peripheral nerves but may not play important roles in the 

early stage of peripheral nerve regeneration [89].

7.3 Transgenic Overexpression of Slit2 in CNS Pathology

Few studies have explored CNS pathology using Slit2 transgenic animals. Transgenic mice 

overexpressing Slit2 had increased brain microvessel density compared to wild type mice, 

and transgenic mice were more susceptible to collagenase induced intracerebral hemorrhage 

(ICH) [90]. Transgenic mice exhibited larger hemorrhagic areas and increased hemorrhage 

volume compared to control mice indicating that the vessels in Slit2 transgenic mice were 

fragile and susceptible to greater injury given the same degree of insult [90]. There was 

increased brain microvessel permeability in Slit2 transgenic mice demonstrated by Evans 
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blue dye extravasation and Amyloid-β 40 peptides leakage from serum into the brains of 

Slit2 transgenic mice but not in the wild type mice [90]. Likewise, transgenic mice 

overexpressing human Slit2 exhibited increased BBB permeability and Alzheimer’s disease-

like alterations characterized by behavioral changes, hippocampal neuron apoptosis, and 

amyloid-β protein deposition [91]. Similarly, transgenic overexpression of Slit2 in mice 

increased BBB permeability and cell death compared to control mice following mild 

traumatic brain injury in a closed-skull TBI model [92]. On the other hand, transgenic 

overexpression of Slit2 in aged mice showed that Slit2 overexpression improved the function 

of paravascular pathway and BBB integrity by inhibiting astrocyte activation and 

maintaining aquaporin 4 (AQP4) polarity in 15-month old Slit2 transgenic mice [93]. This 

study has important clinical implications for aging individuals and neurodegenerative 

disorders in which defects in paravascular pathways have been associated with increased 

amyloid-β deposition [94]. Further understanding of the role of Slit2 in aging will provide 

potential novel strategies against neurodegenerative disorders. These studies highlight an 

important point that the duration and extent of Slit2 expression should be taken into 

consideration when designing Slit2 based therapeutics. Additionally, the expression and 

function of Slit2 may vary dependent on age.

8. CONCLUSIONS

The role of Slit2 in CNS development has been well established; however, its regulation in 

CNS diseases is a new field that has been explored in the recent decade with preclinical 

studies in various models such as ischemic stroke, glioma, neurosurgical brain injury and 

traumatic brain injury. These studies indicate that Slit2 has a wide range of biological effects 

including inhibition of peripheral immune cell migration, BBB protection, anti-apoptotic 

function and anti-migratory effects in CNS pathology. As regards the endothelial function of 

Slit2, findings from transgenic mice studies and exogenous Slit2 administration should be 

taken into consideration when determining the endothelial effects of Slit2. Various disease 

models showed endothelial protective function of exogenous Slit2 administration including 

in the brain. However, transgenic mice studies indicate that Slit2 overexpression increased 

brain microvessel density and promoted BBB permeability [90–92]. The variability in Robo 

receptor types expressed by different tissues and the underlying pathology may determine 

endothelial effects of Slit2, with predominantly Robo4 expression indicative of protective 

endothelial function. Additionally, existing research also suggests that endogenous Slit2 

overexpression and exogenous Slit2 possibly have diverse functions and mechanisms on the 

endothelial cells. In Slit2 transgenic mice, blood vessels were more susceptible to 

collagenase induced ICH and had larger hemorrhagic volumes compared to control mice 

[90]. The findings in this study conflict with the protective effects of Slit2 observed in other 

animal models of CNS disorder [24, 64, 65, 78]. These findings could be attributed to 

differences in the animal models used, differential mechanism of endogenous versus 

exogenous Slit2, and differences in the magnitude of exposure to Slit2 in transgenic animals 

as opposed to exogenous recombinant Slit2 administration. Although the temporal pattern 

and duration of Slit2 expression in transgenic animals subjected to injury and the mechanism 

of injury was not explored, these findings necessitate further exploration of the function of 

Slit2 in CNS disorders.
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9. EXPERT OPINION

9.1 Roles of Other Members of Slit Proteins

Most of the studies in CNS disorders have focused on the roles of Slit2 even though there 

are three known isoforms of Slit proteins (Slit1-Slit3). This review focused Slit2 studies but 

other Slit members regulate various processes which may be relevant to CNS disorders too. 

For instance, Slit1 is predominantly expressed in the developing CNS and Slit3 has been 

reported to have anti-permeability effects following VEGF induced retinal 

hyperpermeability [1, 37]. It is likely that Slit1 and Slit3 may be involved during recovery 

after CNS injury. A detailed examination of all members of Slit family proteins is warranted.

9.2 Exploration of Robo Receptor Subtypes in CNS Pathology

The effects of Slit2 may depend on the type of receptors predominantly expressed following 

an injury. The expression and function of Robo receptors may be tissue specific and context 

dependent. For instance, Slit2 reduced permeability in human PMECs that predominantly 

express Robo4, but the anti-permeability effect of Slit2 was not observed in HUVECs which 

express similar levels of Robo4 and Robo1 receptors [56]. Therefore, an in depth 

understanding of Robo receptors and changes that may occur in CNS pathology requires 

further exploration

9.3 Role of Alternate Signaling Pathways in Slit2 Mediated Protection

Few downstream targets of Slit2-Robo signaling pathways have been identified in the CNS 

which provides a glimpse into intracellular mechanisms by how Slit2 exerts its effects. 

Downstream effectors such as Abelson kinase (Abl) and Enabled (Ena) can interact with the 

intracellular motif of Robo and regulate cell migration. Abl antagonizes the repulsive effects 

of Robo whereas, Ena enhances Robo mediated repulsive signaling pathway [12]. Other 

small GTPases including RhoA and Rac1 regulate cellular actin organization and motility, 

which can impact cell motility and endothelial function of Slit2 [95, 96]. Slit2 can also 

inhibit chemokine induced Src kinase activity and Lck kinase activity which have been 

reported to regulate cell migration [8]. Slit2 can therefore possibly activate various 

intracellular signaling pathways, which may play a role in the diverse functions of Slit2 in 

CNS pathologies.

9.4 Potential Upstream Regulators of Slit2

Preclinical studies in CNS animal models showed that endogenous Slit2 levels increased 

after SBI and neonatal hypoxic ischemic encephalopathy as a protective response to 

counteract the consequences injury. However, much remains unknown about how the 

expression of Slit2 is regulated following CNS injury. Some upstream regulators have been 

identified that modulate the expression of Slit-Robo in the CNS. The transcription factor 

such as Pax6 has been shown to regulate the expression of Slit2 [46]. Additionally, changes 

in SLIT2 gene, for instance hypermethylation of the gene in systemic tumors and glioma 

have been observed [73, 76]. The upstream regulators of Slit2 could be important targets for 

potential therapeutic manipulation. Further exploration into the endogenous regulation of 

Slit2 is essential to understand its role and response in CNS pathology.
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Current research suggests that Slit2 can target a wide array of pathophysiological 

consequences, which extends beyond anti-migratory function, in various preclinical models 

of CNS disorders. Few areas remain relatively unexplored such as the potential role of other 

members of Slit proteins and how they compare to Slit2, detailed exploration of the function 

of Robo receptor types, potential mechanisms and regulators of Slit2. Further research is 

crucial to understand key issues including transgenic overexpression versus exogenous Slit2 

effects, cell dependent functions of Slit2 and the effects of Slit2 dependent on the underlying 

pathology for potential translation as a therapeutic target in CNS pathologies.
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LIST OF ABBREVIATIONS

CNS Central nervous system

Robo Roundabout

BBB Blood brain barrier

LRR Leucine-rich repeats

EGF Epidermal growth factor

Ig Immunoglobulin

FN Fibronectin

siRNA Small interfering ribonucleic acid

FAK Focal adhesion kinase

BDNF Brain derived neurotrophic factor

PAK p21-activated kinase

N-WASP N Wiskott Aldrich syndrome protein

Erk1/2 Extracellular signal-regulated kinase

BTB Blood tumor barrier

MMP-9 Matrix metalloproteinase 9

miRNA MicroRNA

miR-218 MicroRNA 218

PML Promyelocytic leukemia

GBM Gliobalstoma multiforme

NPC Neural precursor cell
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PRC2 Polycomb repressive complex 2

SBI Surgical brain injury

PMECs Pulmonary microvascular endothelial cells

VEGFR2 Vascular endothelial growth factor receptor 2

SHN3 Schnurrin 3

VEGF Vascular endothelial growth factor

HUVECs Human umbilical vein endothelial cells

PDGF Platelet derived growth factor

IPCs Intermediate progenitor cells

MCAO Middle cerebral artery occlusion

HIE Hypoxic-ischemic encephalopathy

srGAP1 Slit-Robo GTPase activating protein 1

TBI Traumatic brain injury

GFAP Glial fibrillary acidic protein

DRG Dorsal root ganglia

AQP4 Aquaporin 4

DCC Deleted in colorectal cancer

ICH Intracerebral hemorrhage

Abl Abelson kinase

Ena Enabled
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ARTICLE HIGHLIGHTS

• Upregulation of Slit2 expression and prominent astroglial induction of Slit2 

has been observed in various CNS pathologies.

• Slit2 affects a wide range of biological processes following injury including 

anti-inflammatory, anti-migratory, anti-apoptotic and BBB protection, which 

makes it a potential therapeutic target.

• Exogenous Slit2 administration has been utilized as a therapeutic strategy in 

various preclinical models.

• The effects of Slit2 are induced via Robo receptors-mediated activation of 

intracellular signaling pathways and dependent on the type of Robo receptors 

expressed by the cells.

• Further studies are required to fully elucidate the complex roles of Slits and 

Robo in CNS disorders for potential therapeutic application.
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Figure 1. 
Schematic representation of Slit-Robo signaling mechanisms in CNS disorder. 

Abbreviations: CBR-1,2, cannabinoid receptor 1 and 2; Pax6 TF, Pax6 transcription factor; 

FAK, focal adhesion kinase; SrGAP1, Slit Robo GTPase activating protein 1; miR-218, 

micro RNA 218; Erk1/2, extracellular signal regulated kinase 1/2; PML, protein 

promyelocytic leukemia.
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Table 1.

Summary of studies related to Slit2 in rodent models of CNS disorders.

Experimental Models Parameters Evaluated and 
Treatment Observations and Results References

Glioma mouse model 
(intracranial xenograft)

Slit2, Robo1 expression RT-PCR
Intracranial implantation of glioma 
cells expressing Slit2 gene; histology 
at 7, 14, 20 days post-implantation
Glioma cells transfected with Slit2; 
in vitro assay

Slit2 inhibited glioma cell migration and 
invasion in vitro and in vivo
Slit2 downregulated Cdc42 activity through 
Robo1 receptor

Yiin et al., Neuro-
oncology, 2009

Global cerebral ischemia 
mouse model (bilateral 
common carotid artery 
occlusion)
TNFα-induced 
neuroinflammation 
mouse model

Slit subcutaneous delivery osmotic 
minipump (0.5 μg/kg/h) immediately 
after BCCAO
Human Slit protein (3.0 μg/kg) 
concomitant administration with 
TNFα (3.0 μg/kg) intraperitonal
Intravital microscopy for leukocyte 
brain microvessel adherence

Cerebral microvessel leukocyte adherence 
79% ↓ at 24 hours after global cerebral 
ischemia
Leukocyte adherence 98% ↓ at 4 hours after 
TNFα exposure

Altay et al., 
Experimental Neurology, 
2007

Transient forebrain 
ischemia rat model (4 
vessel occlusion)

Sit2, Robo1, Robo4 expressions
Immunohistochemistry and western 
blots at days 7, 14, 21, 28

Slit2 ↑, Robo1 ↑, Robo4 ↑
Slit2, Robo1 and Robo4 expression 
increased progressively at days 7–28 in 
reactive astrocytes of the ischemic 
hippocampus but not in neurons or 
microglia

Park et al., Brain 
Research, 2016

Transient focal cerebral 
ischemia rat model 
(middle cerebral artery 
occlusion-60 min)

Slit2, Robo1, Robo2, Robo4 
expressions
Immunofluorescence staining at 3 
days, 1, 2, 3, 4 and 10 weeks after 
ischemia

Slit2 ↑, Robo (1, 2, 4) ↑
Expression was induced days 7–14 after 
reperfusion and progressively increased up 
to 10 weeks after ischemia
Astroglial induction of Slit2, Robo occurred 
in peri-infarct area

Jin et al., Neurochemical 
Research, 2016

Neonatal hypoxic 
ischemic encephalopathy 
(HIE) rat pup model

Slit2, Robo1 expressions and cellular 
localization
Western blot at 6, 12, 24, 72 hours 
post-HIE
Recombinant Slit2 (3 μg/kg, 
10 μg/kg, 30 μg/kg) intranasal 
treatment 1 hour post-HIE

Slit2 ↑, Robo1 ↑ (peak at 72 hours), co-
localized with neurons
Recombinant Slit2 (10 μg/kg) reduced 
infarct area, neuron apoptosis and improved 
neurofunction up to 4 weeks
Recombinant Slit2 downregulated RhoA, 
Bax and CC3, which was reversed with 
recombinant Robo1 or sRGAP1 siRNA

Kaur et al., 
Neuropharmacology, 
2019

Traumatic brain injury 
(TBI) mouse model (cryo 
injury)

Slit1-Slit3 expression
Immunohistochemistry and 
Combined double fluorescence in 
situ hybridization at days 2, 7, 14 
post-injury

Slit2 predominantly expressed surrounding 
necrotic tissue, Slit1 and Slit3 much weaker 
expression
Slit2 mRNA ↑ by day 2, peaked at day 7 
followed by decline at day 14 post-injury
Slit2 was expressed by proximal reactive 
astrocytes surrounding the lesion but not 
distal astrocytes, microglia or 
oligodendrocytes

Hagino et al, Glia, 2003

Surgical brain injury 
(SBI) rat model (partial 
frontal lobe resection)

Slit2, Robo1 expressions and cellular 
localization
ELISA, Western blot at 24, 72 hours 
and day 7 post-SBI
Recombinant Slit2 (1 μg/kg, 3 μg/kg, 
10 μg/kg) intraperitoneal 
pretreatment 1 hour before SBI

Slit2 ↑, Robo1 ↑ in perisurgical brain tissue 
at 24, 72 hours and day 7 post-SBI
Slit2 expressed by neurons, astrocytes, and 
Robo1 expressed by neutrophils, leukocytes
Recombinant Slit2 (10 μg/kg) reduced brain 
edema, neuroinflammation and improved 
neurobehavior after SBI
Recombinant Slit2 reduced CD45, MPO 
and Cdc42 activity, which was reversed 
with recombinant Robo1 or srGAP1 siRNA

Sherchan et al., 
Neurobiology of Disease, 
2016

Surgical brain injury 
(SBI) rat model (partial 
frontal lobe resection)

Slit2, Robo4 expressions and cellular 
localization
Western blot 6, 12, 24, 72 hours 
post-SBI
Recombinant Slit2 (10 μg/kg) 
intraperitoneal pretreatment 1 hour 
before SBI

Slit2 ↑ in perisurgical brain tissue at 6 to 72 
hours after SBI and Robo4 ↔
Robo4 expressed by endothelial cells, 
astrocytes and neurons
Recombinant Slit2 reduced BBB 
permeability and restored tight junction 
proteins after SBI

Sherchan et al., Scientific 
Reports, 2017
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Experimental Models Parameters Evaluated and 
Treatment Observations and Results References

Slit2 increased Rac1 activity, which was 
reversed by Robo4 and Paxillin siRNA

Epilepsy rat model 
(lithium-pilocarpine 
induced)
Intractable temporal lobe 
epilepsy (TLE) patients

Slit2 expression in rat brain samples 
at 1, 7, 14, 30 and 60 days post-
seizure
Slit2 expression in temporal 
neocortex samples from TLE 
patients
Immunohistochemistry and Western 
blots

Slit2 ↓ days 1–14 after seizure followed by 
Slit2 ↑ with peak at days 30 and 60 after 
seizures
Slit2 was expressed by neurons in acute 
phase after epilepsy and expressed mainly 
by astrocytes in chronic phase
Slit2 expressed in neurons in controls and 
Slit2 ↑ in TLE patients, expressed by 
neurons and astrocytes

Fang et al., Brain 
Research, 2010

Spinal cord injury rat 
model
Spinal cord injury female 
rat model
Spinal cord injury mouse 
model

Slit2, Robo1 mRNA and protein 
expression
Slit2-N treatment
Inhibition of Robo1 or RhoA
Slit1–3 and Robo1–3 expressions

Slit mRNA and protein ↑ at day 7, peaked 
day 14, normal levels by day 21
Robo1 ↔
Slit2 ↓, Robo1 and RhoA ↑
Slit2-N treatment and inhibition of Robo1 
or RhoA enhanced synapse formation at 6 
weeks following injury and promoted 
functional recovery over 8-week period 
after the injury
Slit1 and Slit3 mRNAs were detected at the 
center of lesion 8 days after injury but not 
Slit2

Liu et al., Acta 
Histochemica, 2011
Li et al., Neuroreport, 
2017
Wehrle et al., European 
Journal of Neuroscience, 
2005

Intracerebral hemorrhage 
(ICH) mouse model 
(collagenase induced)
Slit2 overexpressing 
transgenic (Slit2-Tg) 
mice

BBB permeability in vivo Miles 
assay and amyloid-β permeability
Choroid plexus structure and 
electron microscopy
Lateral ventricle area and pressure

Increased brain microvessel density and 
permeability in Slit2-Tg mice compared to 
wild type mice
Lateral ventricle area and pressure 
increased in Slit2-Tg mice
Slit2-Tg mice had larger ICH volume 
compared to control mice

Han and Geng., Acta 
Pharmacologica Sinica, 
2011

Slit2 overexpressing 
transgenic mice

BBB permeability
Neuronal apoptosis
Amyloid-β deposition

BBB permeability, hippocampal neuronal 
apoptosis, Aβ deposition, 
acetylcholinesterase expression increased in 
Slit2 transgenic mice

Li et al., Journal of 
Alzheimers Disease, 
2015

Mild traumatic brain 
injury (TBI) mouse 
model (closed-skull 
compression)
Slit2 overexpressing 
transgenic (Slit2-Tg) 
mice

In vivo two-photon imaging
BBB leakage of Rhodamine B
Cell death, propidium iodide (PI) 
staining 6 and 24 hours after TBI

Increased BBB leakage and cell death 
occurred after TBI in Slit2-Tg mice 
compared to C57 control mice

Li et al., Neuroscience 
Letters, 2016

Slit2 overexpressing 
transgenic (Slit2-Tg) 
aged mice (15-month 
old)

In vivo two-photon fluorescence 
imaging
Immunofluorescence staining
Morris water maze test

Paravascular pathway clearance improved 
by inhibition of astrocyte activation and 
maintenance of AQP4 polarity in Slit2-Tg 
aging mice
BBB disruption and Aβ accumulation 
reduced, spatial memory improved in Slit2-
Tg aging mice

Li et al., International 
Journal of Molecular 
Medicine, 2018

Table 1.Summary of studies examining role of Slit2 in preclinical models of CNS pathology. Abbreviations: Robo, roundabout; RT-PCR, reverse 
transcriptase polymerase chain reaction; BCCAO, bilateral common carotid artery occlusion; HIE, hypoxic-ischemic encephalopathy; CC3, cleaved 
caspase 3; srGPA1, Slit-Robo GTPase activating protein 1; siRNA, small interfering ribonucleic acid; TBI, traumatic brain injury; SBI, surgical 
brain injury; ELISA, enzyme linked immunosorbent assay; MPO, myeloperoxidase; TLE, temporal lobe epilepsy; ICH, intracerebral hemorrhage; 
Slit2-Tg, Slit2 transgenic; BBB, blood brain barrier; AQP4, aquaporin 4. The following are descriptions of symbols used in the table: increased 
expression ↑, decreased expression ↓, no significant change in expression ↔
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