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Abstract
Background : Cerebral microinfarcts (MIs) lead to progressive cognitive impairment in elderly, but the
mechanism has kept unknown. Dysfunction of GABAergic transmission induces excitotoxicity, which
contributes to stroke pathology, but the mechanism has kept unknown. The secreted leucine-rich
repeat (LRR) family protein slit homologue 2 (Slit 2) upregulates GABAergic activity and protects against
global cerebral ischemia, but the neuroprotective e�cacy of Slit 2 against MI has not been examined. 

Methods : Middle-aged Wild type and Slit 2-Tg mice were divided into sham and MIs groups. MIs in
parietal cortex of was induced by laser-evoked arteriole occlusion. Spatial memory was examined by
Morris water maze, neuronal activity and glymphatic clearance in peri-infarct areas were monitored by
two-photon imaging. GABAergic transimission and neuroin�ammation were detected by
immuno�uorescent staining or western blotting. 

Results : MIs increased the intracellular Ca 2+ amplitude and frequency, decreased the neuron survival
and neuronal connectivity of parietal cortex, decreased the GABAergic transmission, induced the
neuroin�ammation, impaired the glymphatic clearance and cognition in middle-aged mice. Slit 2
overexpression attenuated dysfunctional neuronal Ca 2+ signaling, protected against the neuronal death
in the peri-infarct area as well as loss of parietal cortex connectivity, increased the GABAergic
transmission and attenuated the neuroin�ammation, improved glymphatic clearance and eventually
improved spatial learning and memory. 

Conclusion: Our results strongly supported overexpression of Slit 2 protected against the dysfunction in
MIs, which is a potential therapeutic target for cognition impaiment in the elderly.

Introduction
Cerebral microinfarcts (MIs) are wedge-shaped ischemic lesions that result from occlusion of penetrating
arterioles (Luo C, et al. 2018; Coban H, et al. 2017). MIs are common in the brains of patients with
Alzheimer disease (AD) (Neuropathology Group, 2001), mild cognitive impairment (MCI) (Launer LJ, et al.
2011), and vascular dementia (VaD) (De Reuck J, et al. 2014), and MI load is associated with the severity
of cognitive impairment and dementia in the elderly (Hartmann DA, et al. 2018). Accumulating evidence
suggests that MI produces persistent brain in�ammation (Sofroniew MV, et al. 2010) and disorganized
axonal structure in both subcortical (Hinman JD, et al. 2015) and cortical tissues (Coban H, et al., 2017),
thereby expanding regional injury and dysfunction. However, MIs are di�cult to detect in living human
brain and the extent of these lesions is only revealed by postmortem histological examination
(Arvanitakis Z, et al. 2011). Population aging is currently increasing the global dementia burden, so it is
critical to understand the etiology and pathophysiology of microinfarction to aid in the development of
effective and safe preventative treatments.

Excessive release of glutamate and concomitant overstimulation of glutamate receptors during and
following ischemic stroke (termed excitotoxicity) induces both acute and delayed neuronal death due to

https://www.ncbi.nlm.nih.gov/pubmed/?term=Arvanitakis%20Z%5BAuthor%5D&cauthor=true&cauthor_uid=21212395
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excessive calcium in�ux, oxidative stress, degradation of macromolecules, and activation of apoptotic
pathways (Lai TW, et al. 2014). Release of gamma-aminobutyric acid (GABA) can counteract glutamate
excitotoxicity by inhibiting glutamatergic transmission at presynaptic sites and counteracting glutamate-
mediated depolarization of postsynaptic neurons, thereby reducing intracellular calcium deregulation and
downstream processes leading to neuronal death (Louzada PR, et al. 2004). Indeed, augmenting
GABAergic transmission can protect against ischemic damage (Costa C, et al. 2004; Bi M, et al. 2017).
However, it is uncertain whether a glutamate/GABA imbalance and ensuing excitotoxicity contributes to
MI pathology during aging. In addition, research on excitotoxic neuronal damage in cerebral ischemia has
focused mainly on the dynamics of excitatory mediators, and much less is known regarding the changes
in GABAergic activity (Schwartz-Bloom RD, et al. 2001).

The secreted leucine-rich repeat (LRR) protein slit homologue 2 (Slit2) regulates the migration,
development, and axonal path-�nding of GABAergic interneurons by stimulating roundabout (Robo)
receptors (Andrews W, et al. 2006). In addition to regulating GABAergic neuron development and circuit
formation, recent studies have also implicated Slit2 signaling in cellular senescence (Gupta KP, et al.
2015) and improved glymphatic clearance (Li G, et al. 2018) as well as inhibition of neuroin�ammation
and protection against global cerebral ischemia (Altay T, et al. 2007). In the present study, we examined
the effects of Slit2 on MIs induced by two-photon irradiation in aging mouse brain.

Materials And Methods
Animals

Transgenic mice overexpressing human Slit2 (Slit2-Tg) (Li G, et al. 2018) were generated as described
previously (Han HX, et al. 2011) and bred at Guangdong Animal Centre (Guangzhou, China). Wild type
(WT) C57BL/6J mice were also supplied by Guangdong Animal Centre (Guangzhou, China). Mice at 14
months of age were randomly divided into sham and microinfarct (MI) groups. Animals in the sham
groups received the same surgery and treatment except for irradiation by a femtosecond laser to induce
microinfarct formation.

Induction of microinfarcts

 Anesthesia was induced with 5% iso�urane and maintained by 2.5% iso�urane in oxygen. A 2 × 2 mm2

cranial window was then created using a microdrill over the right parietal cortex (Nishimura N, et al.
2010). Fluorescein isothiocyanate-dextran (FITC-d2000, 1.5% in saline) was injected into the tail vein to
image the neurovasculature through a 25× water immersion objective lens positioned over the cranial
window. Five penetrating arterioles (PAOs) of 20–25 µm diameter were selected as targets for
photobleaching-induced clotting as described (Luo C, et al. 2018; Nishimura N, et al. 2006). Successful
microinfarct induction was con�rmed at 24 h post-occlusion by two-photon imaging of target PAOs.

Morris water maze
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Morris water maze testing was performed 1 week after MI modeling as described (He XF, et al. 2016).
Brie�y, mice were �rst examined for spatial learning during �ve consecutive days of hidden platform
training with four trials per day. On day six, the platform was removed and each mouse was tested for
spatial memory on a single 60-s probe trial. Swim paths were recorded, and the latency to reach the
platform during water maze training as well as the number of crossings over the former platform location
(target area) during the probe trial and time spent in the target quadrant during the probe trial were
analyzed.

Two-photon Ca2+ imaging

Two weeks after MI induction, the incision was re-opened and the agarose and coverslip over the cranial
window were removed. Intracellular Ca2+ imaging was performed on the region surrounding the infarct
area (Fig. 2A & B) using a two-photon microscope (Leica, Wetzlar, Germany) as described previously (He
XF, et al. 2015). Brie�y, peri-ischemic target cells were stained with 10 mM Oregon Green 488 BAPTA-1 AM
(OGB-1 AM) diluted 1:10 in standard pipette solution by multicell bolus loading (MCBL) (Garaschuk O, et
al. 2006). Sulforhodamine (SR) 101 (1 mg dilution into 4 mL standard pipette solution) was also included
to distinguish astrocytes from neurons. The combined staining mixture was injected at a depth of 200–
300 µm below the pial surface. Fluorometric Ca2+ imaging was performed at 809 nm emission using a
two-photon laser scanning microscope. Intracellular Ca2+ transients in individual neurons was detected
and measured automatically by de�ning regions of interest (ROIs) in the collected videos and deleting the
background �uorescence. Sixty cells located 200 μm below the pial surface (layer 2/3) and surrounding
the clotting site were monitored in each animal (Shih AY, et al. 2013). Calcium transient amplitudes above
the baseline is presented as the relative change in �uorescence (), and calcium transient frequency is
expressed as the number of �uorescence changes in 1 min (60 seconds).

Assessment of the glymphatic e�ciency and blood brain barrier (BBB) permeability

Glymphatic clearance and BBB permeability were evaluated as described (Li G, et al. 2018; Burgess A, et
al. 2014). Brie�y, the animals were anesthetized, the incision was re-opened, FITC‐conjugated dextran (40
kDa) dissolved in ACSF was injected into the subarachnoid space via cisterna magna puncture with a
microsyringe pump controller, and 200 µL of rhodamine B (70 kDa) was injected intravenously
immediately prior to imaging. Images were acquired 5, 15, 30, 45, and 60 min following intra-cisternal
FITC‐conjugated dextran injection. Changes in FITC-tracer intensity within the paravascular space were
quanti�ed to evaluate the glymphatic clearance, changes in rhodamine B intensify in the extravascular
compartment were quanti�ed to evaluate the BBB permeability. 

Biotinylated dextran amine (BDA) injection and measurements of axon density

To investigate the effect of microinfarcts on cortical connectivity, the neuroanatomical tracer biotin
dextran amine (BDA, MW 10000) was injected into the ipsilateral (exposed/injured) right parietal cortex
(0.5 μL of a 5% solution in 0.1 M PBS) and imaged in ipsilateral hippocampus, ipsilateral entorhinal
cortex, and contralateral parietal cortex. Animals were perfused through the heart 2 weeks after injection,
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and brains were �xed, frozen, and coronally sectioned at 10 μm. Six sections spaced 100 μm apart and
encompassing the three target areas were stained with Alexa Fluor® 488 Streptavidin, embedded in
Fluoroshield™ containing DAPI for nuclear counterstaining and enclosed under a coverslip.

Histology
Sections were permeabilized with 0.3% Triton and blocked with 10% goat serum for 1 h at room
temperature, then incubated overnight at 4 °C with the indicated primary antibody. Immunolabeled
sections were then incubated with the indicated secondary antibodies at room temperature in PBS
containing 10% normal goat serum for 1 h. Slices were mounted onto slides, embedded in
Fluoroshield™ with DAPI, and enclosed under a coverslip. Images were acquired using a Nikon
�uorescence microscope or a confocal microscope equipped with a 63× (N.A. 1.25) glycerol immersion
objective.

Western blot analysis
Total protein (20μg per lane) was separated by SDS-PAGE using 12% precast polyacrylamide gels at 120
V for 90 min. Separated proteins were then transferred to polyvinylidene �uoride membranes at 100 V for
2 h. Membranes were blocked with 5% bovine serum albumin (BSA) at room temperature for 1 h and
incubated with the indicated primary antibodies overnight at 4°C, followed by incubation with anti-rabbit
or anti-mouse immunoglobulin G secondary antibody for 1 h.

Statistical analyses

All data were analyzed by an experimenter blinded to treatment history. All data are expressed as mean ±
standard deviation. Immunohistochemical staining and western blotting were analyzed using ImageJ.
Mean Slit2 expression levels on western blots were compared by independent-samples t test while other
group means were compared by two-way repeated measures ANOVA with Tukey’s post hoc tests for
multiple comparisons. All statistical analyses were conducted using SPSS 19.0. A P < 0.05 (two tailed)
was considered statistically signi�cant for all tests.

Results
Slit2 was overexpressed in neurons and astrocytes but not in microglia/ macrophage of transgenic mice

Western blotting was performed to con�rm expression of the human Slit2 transgene protein in transgenic
(Tg) mouse brain, and indeed expression was signi�cantly elevated in Slit2-Tg mice compared to WT
mice (P < 0.001) (Supplementary Fig. 1A). Co-immuno�uorescence staining using anti-Flag for detection
of Slit2 and cell type-speci�c antibodies revealed overexpression in neurons and astrocytes but not in
microglia/macrophage (Supplementary Fig. 1B-D).
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Overexpression of Slit2 improved Morris water maze performance in mice with parietal microinfarcts

The posterior parietal cortex (PPC) is a multimodal association area involved in spatial navigation as
evidenced by performance de�cits in the Morris water maze (MWM) following PPC lesions (Olsen GM, et
al. 2017). To explore the protective e�cacy of Slit2 against cognitive dysfunction due to PPC
microinfarcts in middle-aged (14-month-old) mice, we compared MWM performance between WT and
Slit2-Tg mice following sham treatment or MI induction (Fig. 1A). As shown in Figure 1B, on days 4 and 5
of training, there were no signi�cant differences in escape latencies between WT sham and Slit2-Tg sham
groups (Both P > 0.05), but escape latencies were signi�cantly shorter in Slit2-Tg MI mice than WT MI
mice (P < 0.05 and P < 0.001, respectively). These �ndings suggest that Slit2 overexpression protects
against spatial learning impairment following MI induction.

During the probe trial (Fig. 1C & D), the number of platform crossings was signi�cantly reduced by MI
induction in WT mice ( MI vs. Sham, P < 0.05), but not in Slit2-Tg mice (MI vs. Sham, P > 0.05); moreover,
the number of platform crossing was lower in the WT MI group compared to the Slit2-Tg MI group (P <
0.05). Similarly, the target quadrant time was signi�cantly reduced by MI induction in WT mice (P < 0.05
vs. WT sham mice), but not in Slit2-Tg mice (P > 0.05), and quadrant time was shorter in WT MI mice than
Slit2-Tg MI mice (P < 0.05). These results suggest that microinfarcts cause spatial memory de�cits that
can be improved by Slit2 overexpression.

Overexpression of Slit2 inhibited neuronal hyperactivation in the peri-infarct area

Two-photon Ca2+ imaging in the peri-infarct area was performed two weeks after MI induction to assess
effects on local excitatory/inhibitory balance (Fig. 2A & B). The amplitude of spontaneous intracellular
Ca2+ transients was signi�cantly enhanced by MI in WT mice (P < 0.001, MI vs. sham mice) (Fig. 2C, D,
G), but not in Slit2-Tg mice (P > 0.05) (Fig. 2E, F, G). In addition, MI increased the frequency of these Ca2+

transients in WT mice (P < 0.05, MI vs. sham mice) (Fig. 2C, D, G), but not  Slit2-Tg mice (P > 0.05) (Fig.
2E, F, G). Collectively, these �ndings indicate that Slit2 overexpression suppresses neuronal Ca2+

transients in the peri-infarct area, possibly by reducing neuronal excitability.

Overexpression of Slit2 protected against axonal damage after multiple cortical microinfarct induction

The anatomical tracer BDA was injected into the right (lesioned) parietal cortex (Fig. 3A) and transport to
ipsilateral hippocampus, ipsilateral entorhinal cortex, and contralateral parietal cortex was examined as
an index of connectivity. The BDA-positive cell number was signi�cantly higher in ipsilateral
hippocampus of Slit2-Tg MI mice compared to WT MI mice (P < 0.05) (Fig. 3B & C). Similarly, BDA-
positive cell number was signi�cantly higher in ipsilateral entorhinal cortex of Slit2-Tg MI mice compared
to WT MI mice (P < 0.05) (Fig. 3B & C). Finally, BDA-positive cell number was also signi�cantly higher in
contralateral parietal cortex of Slit2-Tg MI mice compared to WT MI mice (P < 0.05) (Fig. 3B & C). These
results indicate that MIs can disrupt both intrahemispheric and interhemispheric cortical projections and
that Slit2 overexpression can preserve these projections following MI induction.
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Overexpression of Slit2 increased GABAergic interneuron number and VGATs in the peri-infarct area

To directly examine if Slit2 overexpression regulates excitatory/inhibitory balance in peri-infarct areas by
increasing the number of GABAergic neurons, we measured the immunoexpression of the GABAergic
interneuron markers GAD67 (Fig. 4A) and vesicular GABA transporter (VGAT) (Fig. 4B). The number of
GAD67-positive neurons surrounding the infarct area was signi�cantly lower in WT MI mice compared to
the WT sham mice (P < 0.05), but did not differ between Slit2-Tg MI and sham mice (P > 0.05) (Fig. 4C). In
accord with this result, VGAT intensity was signi�cantly lower in WT MI mice than sham mice (P < 0.05),
but did not differ between Slit2-Tg MI and sham mice (P > 0.05) (Fig. 4C). Finally, we performed western
blotting to verify the expression levels of GAD67 and VGAT in peri-infarct areas (Fig. 4D & E). GAD67
expression was signi�cantly lower in WT MI mice compared to WT sham mice (P < 0.01), but did not
differ between Slit2-Tg MI and sham mice (P > 0.05). Furthermore, GAD67 expression was signi�cantly
lower in WT MI mice than Slit2-Tg MI mice (P < 0.01). VGAT expression was also signi�cantly lower in WT
MI mice than WT sham mice (P < 0.01), but did not differ between Slit2-Tg MI and sham mice (P > 0.05).
Moreover, VGAT expression was signi�cantly lower in WT MI mice than Slit2-Tg MI mice (P < 0.01).

Overexpression of Slit2 attenuated peri-infarct neuroin�ammation and protected against local neuronal
loss

Microinfarct volume was calculated by the method of Luo (Luo C, et al. 2018), it was signi�cantly lower in
Slit2-Tg MI mice than WT MI mice (P < 0.001) (Fig.5A & B). Neuronal numbers were signi�cantly reduced
in MI groups compared to corresponding sham groups, both for WT mice (P < 0.0001) and Slit2-Tg mice
(P < 0.001) (Fig. 5A & C), but number was signi�cantly greater in Slit2-Tg MI mice than WT MI mice (P <
0.001). Conversely, the numbers of microglia/macrophage were signi�cantly greater in both WT MI mice
(P < 0.0001) and Slit2-Tg MI mice (P < 0.01) compared to the corresponding sham controls, suggesting
local neuroin�ammation, but were signi�cantly lower in Slit2-Tg MI mice than WT MI mice (P < 0.001).
Furthermore, Slit2 overexpression appears to protect neurons for MI-induced degeneration, possibly by
quelling the ensuing neuroin�ammatory response.

Overexpression of Slit2 improved glymphatic clearance and protected against the BBB dysfunction

As shown in Figure 6A, FITC-dextran tracer moved along the paravascular space and rapidly entered the
interstitium of the parenchyma following intra-cisternal injection. The FITC intensities at 5 min did not
differ signi�cantly among WT sham, WT MI, Slit2-Tg sham, and Slit2-Tg MI groups (Fig. 6B & C). In all
groups, parenchymal/perivascular FITC-dextran �uorescence intensity gradually increased over the �rst
45 min after injection. Thereafter, intensity continued to increase in the WT MI group, indicating
dysfunction of glymphatic clearance, but decreased in the other three groups. At 60 min after FITC-
dextran injection (Fig. 6B & C), FITC intensities were signi�cantly higher in both WT MI mice versus sham
mice (P < 0.01) and Slit2-Tg MI mice versus sham mice (P < 0.05). Further, FITC intensity was signi�cantly
lower in Slit2-Tg MI mice compared to WT MI mice (P < 0.05) (Fig. 6C), suggesting that Slit2
overexpression sustained glymphatic clearance following MI induction.
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Reactive astrocyte numbers were signi�cantly greater in peri-infarct areas of MI groups compared to
corresponding sham groups, both for WT (P < 0.001) and Slit2-Tg mice (P < 0.05) (Fig. 6D & E). Mean
reactive astrocyte number was also signi�cantly higher in WT MI mice compared to Slit2-Tg MI mice (P <
0.01), suggesting that Slit2 overexpression can suppress astrocyte reactivity in response to MI induction.

The normal polarity of AQP4 surface distribution on astrocytes (endfeet > soma) was disrupted (reduced)
in MI groups compared to corresponding sham groups, both for WT mice (P < 0.001) and Slit2-Tg mice (P
< 0.01). However, polarity was still signi�cantly greater in Slit2-Tg MI mice compared to WT MI mice (P <
0.05),  indicating that while MI induction disrupted astrocytic AQP4 distribution, Slit2 overexpression
better sustained the normal polarity.

To investigate the effect of MIs on BBB integrity and potential protection by Slit2 overexpression, we
measured the rate of rhodamine B permeation into the extravascular compartment following venous
injection. Rhodamine B begun to permeate into the extravascular compartment at 15 min post-injection
and the �uorescence intensity gradually increased thereafter in all four groups (Supplementary Fig. 2A &
B). There were no signi�cant differences in rhodamine B intensity among these four groups at 5 min post-
injection (P > 0.05). At 60 min after injection, however, rhodamine B intensity was signi�cantly greater in
the MI groups compared to corresponding sham controls, both for WT (P < 0.001) and Slit2-Tg mice (P <
0.05), suggesting that MIs damaged the BBB. Nonetheless, extravascular rhodamine B �uorescence at 60
min post-injection was signi�cantly lower in Slit2-Tg MI mice than WT MI mice (P < 0.001), suggesting
that Slit2 overexpression maintains BBB integrity.

Discussion
Increase of neuronal Ca2+ activity has been associated with the neuronal excitotoxicity, which is one of
the primary pathogenic mechanisms for cell death in stroke (Cserép C, et al. 2019; Chiu DN, et al. 2017),
so inhibiting Ca2+ hyperactivity or excitotoxicity is expected to protect against ensuing brain damage. We
here described that neuronal Ca2+ hyperactivity contributed to the neuron death in microinfarcts. We
further demonstrated that overexpression of Slit2 inhibited the neuronal Ca2+ hyperactivity and protected
against the neuron death. This inhibition was accompanied by an increase of GAD67 positive cells and
VGAT expressions. GAD67 is a marker for GABAergic neurons and VGAT is a marker for vesicular GABA
transporter that release GABA (Navarro D, et al. 2019; Yu X, et al. 2015). GABA is the primary inhibitory
neurotransmitter in the mammalian brain, which has been demonstrated to inhibit the Ca2+ overload
(Jazvinšćak JM, et al. 2018), and protect neurons from excitotoxicity during stroke (Gale� F, et al. 2000).

Slit2 was reported to be overexpressed in these Tg mice throughout life (Han HX, et al. 2011; Li JC, et al.
2015; Li G, et al. 2018), which has been shown to promote axonal plasticity in developing cortical cells
(Ma L, et al. 2007; Whitford KL, et al. 2002). Consistently, we demonstrated that Slit2 overexpression
promoted neuronal plasticity after cortical microinfarct induction. This action may be also related to
GABAergic interneurons because GABA-mediated inhibition is a critical modulator of cortical remapping,
which is required for functional recovery after stroke (Hiu T, et al. 2016). It is not clear how Slit2

https://www.ncbi.nlm.nih.gov/pubmed/?term=Hiu%20T%5bAuthor%5d&cauthor=true&cauthor_uid=26685158
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modulates GABAergic function in stroke. One potential mechanism may be related to the development of
interneuron populations and GABAergic function in cerebral cortex (Andrews W, et al. 2008; Marín O, et al.
2003), Slit2 signaling protects against interneuronal loss and reduced the excitotoxic sequela (Andrews
W, et al. 2008). Thus, it is likely that Slit2 modulates GABAergic function to inhibit neuronal Ca+
overloading and enhance plasticity. Further study need to be done to explore how Slit2 signaling
regulates neuronal plasticity via GABAergic transmission.

In addition to inhibition of calcium overload and enhancement of neuronal plasticity, we found that
overexpression of Slit2 improved the glymphatic system and BBB integrity after microinfarcts induction,
which was consistent with previous study (Li G, et al. 2018). This protection may be associated with its
anti‐in�ammatory property (Altay T, et al. 2007). Neuroin�ammation is the critical pathological feature in
microstroke (Gaberel T, et al. 2014; Chen X, et al. 2018, Wang M, et al. 2012), it impairs the glymphatic
clearance by disrupting the distribution of astroglial AQP4 polarity from the endfeet to the soma
(Verkman AS, et al. 2014), and it increases the BBB permeability by changing the tight junction proteins
(Shigemoto-Mogami Y, et al. 2018). Inhibiting the neuroin�ammation improves the paravascular
clearance and  BBB integrity (He XF, et al. 2017). However, Han (Han HX, et al. 2011) showed that Slit2
increased the permeability of brain vessels to large molecules. There are two possible reasons for this
inconsistency. Firstly, the mice we used were at age of 14 months, they were much older than Han’s study,
the cellular and molecular elements of BBB are changing during aging (Erdő F, et al. 2017). Besides, the
BBB permeability was detected by measuring the leakage of rhodamine B within 60 min after injection in
our study, but Han (Han HX, et al. 2011) detected the amount of Evans blue dye 20min after injection to
test the BBB integrity. There is a problem for Han’s methodology, the residual Evans blue dye in brain
capillaries might bind to plasma proteins and spectral shifts (Saunders NR, et al. 2015).

It is worthy of note that parietal cortex contributes to route learning using proximal salient cues in the
water maze task (Solari N, et al. 2018). Thigmotaxis (swimming alone the tub edge) is indicative of
spatial learning failure (Vorhees CV, et al. 2006) and we observed thigmotaxis in WT MIs mice, but not
Slit2-Tg MI mice, suggesting that Slit2 overexpression protected against the spatial learning impairment
induced by parietal microinfarcts. There is a limitation in our study, we used Slit2-Tg mice that
overexpressing human Slit2 rather than mouse Slit2 because of the availability. Numerous studies have
demonstrated that these Slit2-Tg mice could be used to study the function of Slit2 (Yang X, et al. 2010; Ye
BQ, et al. 2010; Zhou WJ, et al. 2013). Slit2 gene has over 90% homology among different species (Guo S,
et al. 2013), and human Slit2 expression is e�ciently and non-selectively (Yang X, et al. 2010) binding to
Robo Receptors in vertebrate species (Brose K, et al. 1999).

In summary, we demonstrated that Slit2 signaling has multiple functions, it can increase the GABAergic
interneurons and VGAT expression in peri-infarct regions, thereby inhibiting the neuronal calcium overload
and local neuroin�ammation. Furthermore, Slit2 overexpression protected against glymphatic system
and BBB dysfunction, attenuated local neuronal loss, and ultimately prevented cognitive decline induced
by parietal microinfarcts.
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Abbreviations
MWM, Morris water maze; Slit2: secreted LRR protein slit homologue 2; PBS: phosphate-buffered saline;
GABA: γ-aminobutyric acid; GAD67, glutamic acid  decarboxylase 67; VGAT, Vesicular GABA Transporter;
MIs: Microinfarcts; AQP4: Aquaporin; BBB, blood brain barrier (BBB); AD, Alzheimer disease; FITC,
Fluorescein isothiocyanate-dextran; PPC, posterior parietal cortex; BDA, Biotinylated dextran amine.

Declarations
Acknowledge

We thank the Neurology department in the First A�liated Hospital of Sun Yat‐sen University (Guangdong
Provincial Engineering Center for Major Neurological Disease Treatment; Guangdong Provincial
Translational Medicine Innovation Platform for Diagnosis and Treatment of Major Neurological Disease)
for proving the experimental equipments. We thank the Guangdong Provincial Key Laboratory of
Laboratory Animals providing the Slit2-Tg mice.

Funding

This work was supported by grants from the National Natural Science Foundation of China (grant
numbers: 81902285, 81871847, 81672261, 31702074, 31872309), the Science and Technology Planning
Key Project of Guangzhou, China (grant number: 201803010119), Guangdong Basic and Applied Basic
Research Foundation (grant numbers: 2019A1515011444, 2017A030313493), the Guangdong Provincial
Key Laboratory for Diagnosis and Treatment of Major Neurological Diseases (grant number:
2017B030314103), the Southern China International Cooperation Base for Early Intervention and
Functional Rehabilitation of Neurological Diseases (grant number: 2015B050501003), and the 66 batch
of Chinese postdoctoral science foundation (grant number: 2019M663283).

Declarations The authors declare that they have no competing interests.

Ethics approval The study was approved by the Institutional Animal Care and Use Committee (IACUC) of
Guangdong Laboratory Animal Monitoring Institute (Guangzhou, China. IACUC NO. 2015023).

 Consent for publication Not applicable.

Author Contributions

 Xiao-fei He, Ge Li, Li-li Li and Feng-yin Liang performed the experiments. Xiao-fei He, Ge Li, and Ming-yue
Li drafted the manuscript. Xi-quan Hu conceived and designed the research. Xi Chen edited and revised
the manuscript. Xi-quan Hu and Xi Chen approved the �nal version of the manuscript.

Data Availability

Data openly available in a public repository that issues datasets with DOIs.



Page 11/21

References
Altay T, McLaughlin B, Wu JY, Park TS, Gidday JM. Slit Modulates cerebrovascular in�ammation and
MediatesNeuroprotection Against Global Cerebral Ischemia. Exp Neurol, 2007, 207(2): 186–194. doi:
10.1016/j.expneurol.2007.06.028.

Andrews W, Barber M, Hernadez-Miranda LR, Xian J, Rakic S, Sundaresan V, Rabbitts TH, Pannell
R, Rabbitts P, Thompson H, Erskine L, Murakami F, Parnavelas JG. The role of Slit-Robosignaling in the
generation, migration and morphological differentiation of cortical interneurons. Dev Biol, 2008, 313(2):
648-58. doi: 10.1016/j.ydbio.2007.10.052.

Andrews W, Liapi A, Plachez C, Camurri L, Zhang J, Mori S, Murakami F, Parnavelas JG, Sundaresan
V, Richards LJ. Robo1 regulates the development of major axontracts and interneuron migration in the
forebrain. Development, 2006, 133: 2243-52. doi: 10.1242/dev.02379.

Arvanitakis Z, Leurgans SE, Barnes LL, Bennett DA, Schneider JA.. Microinfarct pathology, dementia, and
cognitive systems. Stroke, 2011, 42(3):722-7. doi: 10.1161/STROKEAHA.110.595082. 

Brose K, Bland KS, Wang KH, Arnott D, Henzel W, Goodman CS, Tessier-Lavigne M, Kidd T. Slit Proteins
Bind Robo Receptors and Have an Evolutionarily Conserved Role in Repulsive Axon Guidance. Cell, 1999,
96(6):795-806. doi: 10.1016/s0092-8674(00)80590-5.

Bi M, Gladbach A, van Eersel J, Ittner A, Przybyla M, van Hummel A, Chua SW, van der Hoven J, Lee
WS, Müller J, Parmar J, Jonquieres GV, Stefen H, Guccione E, Fath T, Housley GD, Klugmann M, Ke
YD, Ittner LM. Tau exacerbates excitotoxic brain damage in an animal model of stroke. Nat commun,
2017, 8(1):473. doi: 10.1038/s41467-017-00618-0.

Burgess A, Nhan T, Moffatt C, Klibanov AL, Hynynen K. Analysis of focused ultrasound-induced blood-
brain barrier permeability in a mouse model of Alzheimer’s disease using two-photon microscopy. J
Control Release, 2014, 192, 243-248. doi: 10.1016/j.jconrel.2014.07.051. 

Cserép C, Pósfai B, Lénárt N, Fekete R, László Z I, Lele Z, Orsolits B, Molnár G, Heindl S,  Schwarcz A
D, Katinka Ujvári K, Környei Z, Tóth K, Szabadits E, Sperlágh B, Baranyi M, Csiba L, Hortobágyi T,
Maglóczky Z, Martinecz B, Szabó G, Erdélyi F, óbert Szipőcs R,  Tamkun M M,  Gesierich B, Duering M, 
Katona I, Liesz A, Gábor Tamás G,  Dénes A. Microglia monitor and protect neuronal function via
specialized somatic purinergic junctions. Science, 2019: x6752. doi: 10.1126/science.aax6752.

Chen X, He X, Luo S, et al. Vagus Nerve Stimulation Attenuates Cerebral Microinfarct and Colitis-induced
Cerebral Microinfarct Aggravation in Mice. Front Neurol, 2018, 9: 798. doi: 10.3389/fneur.2018.00798.

Chiu DN, Jahr CE. Extracellular Glutamate in the Nucleus Accumbens Is Nanomolar in Both Synaptic and
Non-synaptic Compartments. Cell Rep, 2017, 18(11): 2576-83. doi: 10.1016/j.celrep.2017.02.047.

https://www.ncbi.nlm.nih.gov/pubmed/?term=Xian%20J%5bAuthor%5d&cauthor=true&cauthor_uid=18054781
https://www.ncbi.nlm.nih.gov/pubmed/?term=Rakic%20S%5bAuthor%5d&cauthor=true&cauthor_uid=18054781
https://www.ncbi.nlm.nih.gov/pubmed/?term=Sundaresan%20V%5bAuthor%5d&cauthor=true&cauthor_uid=18054781
https://www.ncbi.nlm.nih.gov/pubmed/?term=Rabbitts%20TH%5bAuthor%5d&cauthor=true&cauthor_uid=18054781
https://www.ncbi.nlm.nih.gov/pubmed/?term=Pannell%20R%5bAuthor%5d&cauthor=true&cauthor_uid=18054781
https://www.ncbi.nlm.nih.gov/pubmed/?term=Rabbitts%20P%5bAuthor%5d&cauthor=true&cauthor_uid=18054781
https://www.ncbi.nlm.nih.gov/pubmed/?term=Thompson%20H%5bAuthor%5d&cauthor=true&cauthor_uid=18054781
https://www.ncbi.nlm.nih.gov/pubmed/?term=Erskine%20L%5bAuthor%5d&cauthor=true&cauthor_uid=18054781
https://www.ncbi.nlm.nih.gov/pubmed/?term=Murakami%20F%5bAuthor%5d&cauthor=true&cauthor_uid=18054781
https://www.ncbi.nlm.nih.gov/pubmed/?term=Parnavelas%20JG%5bAuthor%5d&cauthor=true&cauthor_uid=18054781
https://www.ncbi.nlm.nih.gov/pubmed/?term=Arvanitakis%20Z%5BAuthor%5D&cauthor=true&cauthor_uid=21212395
https://www.ncbi.nlm.nih.gov/pubmed/?term=Leurgans%20SE%5BAuthor%5D&cauthor=true&cauthor_uid=21212395
https://www.ncbi.nlm.nih.gov/pubmed/?term=Barnes%20LL%5BAuthor%5D&cauthor=true&cauthor_uid=21212395
https://www.ncbi.nlm.nih.gov/pubmed/?term=Microinfarct+pathology%2C+dementia%2C+and+cognitive+systems
https://pubmed.ncbi.nlm.nih.gov/?term=P%C3%B3sfai+B&cauthor_id=31831638
https://pubmed.ncbi.nlm.nih.gov/?term=Orsolits+B&cauthor_id=31831638
https://pubmed.ncbi.nlm.nih.gov/?term=Moln%C3%A1r+G&cauthor_id=31831638
https://pubmed.ncbi.nlm.nih.gov/?term=Heindl+S&cauthor_id=31831638
https://pubmed.ncbi.nlm.nih.gov/?term=Ujv%C3%A1ri+K&cauthor_id=31831638
https://pubmed.ncbi.nlm.nih.gov/?term=T%C3%B3th+K&cauthor_id=31831638
https://pubmed.ncbi.nlm.nih.gov/?term=Baranyi+M&cauthor_id=31831638
https://pubmed.ncbi.nlm.nih.gov/?term=Csiba+L&cauthor_id=31831638
https://pubmed.ncbi.nlm.nih.gov/?term=Hortob%C3%A1gyi+T&cauthor_id=31831638
https://pubmed.ncbi.nlm.nih.gov/?term=Martinecz+B&cauthor_id=31831638
https://pubmed.ncbi.nlm.nih.gov/?term=Tamkun+MM&cauthor_id=31831638
https://pubmed.ncbi.nlm.nih.gov/?term=Duering+M&cauthor_id=31831638
https://pubmed.ncbi.nlm.nih.gov/?term=Katona+I&cauthor_id=31831638
https://pubmed.ncbi.nlm.nih.gov/?term=Liesz+A&cauthor_id=31831638
https://pubmed.ncbi.nlm.nih.gov/?term=Tam%C3%A1s+G&cauthor_id=31831638
https://pubmed.ncbi.nlm.nih.gov/?term=D%C3%A9nes+%C3%81&cauthor_id=31831638
https://doi.org/10.3389/fneur.2018.00798


Page 12/21

Coban H, Tung S, Yoo B, Vinters HV, Hinman JD. Molecular disorganization of axons adjacent to human
cortical microinfarcts. Front Neurol, 2017, 8: 405. doi: 10.3389/fneur.2017.00405.

Costa C, Leone G, Saulle E, Pisani F, Bernardi G, Calabresi P. Coactivation of GABA(A) and GABA(B)
receptor results in neuroprotection during in vitro ischemia. Stroke, 2004, 35(2):596-600. doi:
10.1161/01.STR.0000113691.32026. 06. 

De Reuck J, Deramecourt V, Auger F, Durieux N, Cordonnier C, Devos D, Defebvre L, Moreau C, Caparros-
Lefebvre D, Bordet R, Maurage CA, Pasquier F, Leys D. Post-mortem 7.0-tesla magnetic resonance study of
cortical microinfarcts in neurodegenerative diseases and vascular dementia with neuropathological
correlates. J Neurosci, 2014, 346(1-2): 85-9. doi: 10.1016/j.jns.2014.07.061.

Erdő F, Denes L, de Lange E. Age-associated physiological and pathological changes at the blood-
brain barrier: A review. J Cereb Blood Flow Metab, 2017, 37(1): 4-24. doi: 10.1177/0271678X16679420. 

Gaberel T, Gakuba C, Goulay R, et al. Impaired glymphatic perfusion after strokes revealed by contrast-
enhanced MRI: A new target for �brinolysis? Stroke, 2014, 45(10): 3092-6.
doi: 10.1161/STROKEAHA.114.006617.

Gale� F, Sinnar S, Schwartz-Bloom RD. Diazepam promotes ATP recovery and prevents cytochrome c
release in hippocampal slices after invitro ischemia. J Neurochem, 2000, 75:1242-49. doi:
10.1046/j.1471-4159.2000.0751242.x.

Garaschuk O, Milos RI, Konnerth A. Targeted bulk-loading of �uorescent indicatorsfor two-photon brain
imaging in vivo. Nat Protoc, 2006, 1 (1): 380-6.  doi: 10.1038/nprot.2006.58.

Gupta KP, Dholaniya PS, Chekuri A, Kondapi AK. Analysis of gene expression during aging of CGNs in
culture: implication of SLIT2 and NPY in senescence. Age (Dordr), 2015, 37(3):62. doi: 10.1007/s11357-
015-9789-6.

Guo S, Zheng Y, Lu Y, Liu X, Geng J. Slit2 Overexpression Results in Increased Microvessel Density and
Lesion Size in Mice With Induced Endometriosis.Reprod Sci, 2013, 20(3):285-98. doi:
10.1177/1933719112452 940. 

Han HX, Geng JG. Over-expression of Slit2 induces vessel formation and changes blood vessel
permeability in mouse brain. Acta Pharmacol Sin, 2011, 32(11): 1327-36. doi: 10.1038/aps.2011.106. 

Hartmann DA, Hyacinth HI, Liao FF, Shih AY. Does pathology of small venules contribute
to cerebral microinfarcts and dementia? J Neurochem, 2018, 144(5): 517-26. doi: 10.1111/jnc.14228.

He XF, Lan Y, Zhang Q, Liang FY, Luo C, Xu GQ, Pei Z. GABA-ergic interneurons involved in transcallosal
inhibition of the visualcortices in vivo in mice. Physiol Behav, 2015, 151:502-8. doi:
10.1016/j.physbeh.2015.08.026. 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Dholaniya%20PS%5bAuthor%5d&cauthor=true&cauthor_uid=26047956
https://www.ncbi.nlm.nih.gov/pubmed/?term=Chekuri%20A%5bAuthor%5d&cauthor=true&cauthor_uid=26047956
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kondapi%20AK%5bAuthor%5d&cauthor=true&cauthor_uid=26047956
https://www.ncbi.nlm.nih.gov/pubmed/26047956
https://www.ncbi.nlm.nih.gov/pubmed/?term=Geng%20JG%5bAuthor%5d&cauthor=true&cauthor_uid=21986575
https://www.ncbi.nlm.nih.gov/pubmed/?term=Over-expression+of+Slit2+induces+vessel+formation+and+changes+blood+vessel+permeability+in+mouse+brain.
https://www.ncbi.nlm.nih.gov/pubmed/?term=Hartmann%20DA%5bAuthor%5d&cauthor=true&cauthor_uid=28950410
https://www.ncbi.nlm.nih.gov/pubmed/?term=Hyacinth%20HI%5bAuthor%5d&cauthor=true&cauthor_uid=28950410
https://www.ncbi.nlm.nih.gov/pubmed/?term=Liao%20FF%5bAuthor%5d&cauthor=true&cauthor_uid=28950410
https://www.ncbi.nlm.nih.gov/pubmed/?term=Shih%20AY%5bAuthor%5d&cauthor=true&cauthor_uid=28950410
https://www.ncbi.nlm.nih.gov/pubmed/28950410


Page 13/21

He XF, Lan Y, Zhang Q, Liu DX, Wang Q, Liang FY, Zeng JS, Xu GQ, Pei Z. Deferoxamine inhibits microglial
activation, attenuates blood-brain barrier disruption, rescues dendritic damage,and improves spatial
memory in a mouse model of microhemorrhages. J Neurochem, 2016, 138(3):436-47.  doi: 10.1111/
jnc.13657.

He XF, Liu DX, Zhang Q, Liang FY, Dai GY, Zeng JS, Pei Z, Xu GQ, Lan Y. Voluntary Exercise Promotes
Glymphatic Clearance of Amyloid Beta and Reduces the Activation of Astrocytes and Microglia in Aged
Mice. Front Mol Neurosci. 2017, 10:144. doi: 10.3389/fnmol.2017.00144. 

Hinman JD, Lee MD, Tung S, Vinters HV, Carmichael ST. Molecular disorganization of axon adjacent to
human lacunar infarcts. Brain, 2015,138(Pt 3): 736-45. doi: 10.1093/brain/awu398.

Hiu T, Farzampour Z, Paz JT, Wang EH, Badgely C, Olson A, Micheva KD, Wang G, Lemmens R, Tran
KV, Nishiyama Y, Liang X, Hamilton SA, O'Rourke N, Smith SJ, Huguenard JR, Bliss TM, Steinberg GK.
Enhanced phasic GABA inhibition during the repair phase of stroke: a novel therapeutic target Brain, 2016,
139(Pt 2):468-80. doi: 10.1093/brain/awv360. 

Jazvinšćak JM, Radovanović V, Vlainić J, Vuković L, Hanžić N. Neuroprotective effect of zolpidem against
glutamate-induced toxicity is mediated via the PI3K/Akt pathway and inhibited by PK11195. Toxicology.
2018, 406-7:58-69. doi: 10.1016/j.tox.2018.05.014.

Lai TW, Zhang S, Wang YT. Excitotoxicity and stroke: identifying novel target for neuroprotection. Prog
Neurobiol, 2014, 115: 157-88. doi: 10.1016/j.pneurobio. 2013.11.006.

Li JC, Han L, Wen YX, Yang YX, Li S, Li XS, Zhao CJ, Wang TY, Chen H, Liu Y,
 Qi CL, He XD, Gu Q, Ye YX, Zhang Y, Huang R, Wu YE, He RR, Kurihara H, Song XY, Cao L, Wang LJ.
Increased permeability of the blood-brain barrier and Alzheimer's disease-like alterations in slit-2
transgenic mice. J Alzheimers Dis, 2015, 43: 35-548. doi: 10.3233/JAD-141215.

Launer LJ, Hughes TM, White LR. White Microinfarcts, brain atrophy, and cognitive function: the Honolulu
asia aging study autopsy study. Ann Neuro, 2011, 70 (5): 774-80. doi: 10.1002/ana.22520.

Li G, He X, Li H,  Wu Y, Guan Y, Liu S, Jia H, Li Y, Wang L, Huang R, Pei Z, Lan Y, Zhang Y. Overexpression
of Slit2 improves function ofthe paravascular pathway in the aging mouse brain. Int J Mol Med, 2018,
42(4):1935-44. doi: 10.3892/ijmm.2018.3802. 

Louzada PR, Paula Lima AC, Mendonca-Silva DL, Noël F, De Mello FG, Ferreira ST. Taurine prevents the
neurotoxicity of beta-amyloid and glutamate receptor agonists: activation of GABA receptors and
possible implications for Alzheimer's disease and other neurological disorders. FASEB J, 2004, 18(3): 511-
8. doi: 10.1096/fj.03-0739com.

Luo C, Ren H, Yao X, Shi Z, Liang F, Kang JX, Wan JB, Pei Z, Su KP, Su H. Enriched Brain Omega-3
Polyunsaturated Fatty Acids Confer Neuroprotection against Microinfarction. EBioMedicine, 2018, 32: 50-

https://pubmed.ncbi.nlm.nih.gov/28579942/
https://www.ncbi.nlm.nih.gov/pubmed/?term=Hiu%20T%5bAuthor%5d&cauthor=true&cauthor_uid=26685158
https://www.ncbi.nlm.nih.gov/pubmed/?term=Farzampour%20Z%5bAuthor%5d&cauthor=true&cauthor_uid=26685158
https://www.ncbi.nlm.nih.gov/pubmed/?term=Paz%20JT%5bAuthor%5d&cauthor=true&cauthor_uid=26685158
https://www.ncbi.nlm.nih.gov/pubmed/?term=Badgely%20C%5bAuthor%5d&cauthor=true&cauthor_uid=26685158
https://www.ncbi.nlm.nih.gov/pubmed/?term=Olson%20A%5bAuthor%5d&cauthor=true&cauthor_uid=26685158
https://www.ncbi.nlm.nih.gov/pubmed/?term=Micheva%20KD%5bAuthor%5d&cauthor=true&cauthor_uid=26685158
https://www.ncbi.nlm.nih.gov/pubmed/?term=Wang%20G%5bAuthor%5d&cauthor=true&cauthor_uid=26685158
https://www.ncbi.nlm.nih.gov/pubmed/?term=Lemmens%20R%5bAuthor%5d&cauthor=true&cauthor_uid=26685158
https://www.ncbi.nlm.nih.gov/pubmed/?term=Tran%20KV%5bAuthor%5d&cauthor=true&cauthor_uid=26685158
https://www.ncbi.nlm.nih.gov/pubmed/?term=Nishiyama%20Y%5bAuthor%5d&cauthor=true&cauthor_uid=26685158
https://www.ncbi.nlm.nih.gov/pubmed/?term=Liang%20X%5bAuthor%5d&cauthor=true&cauthor_uid=26685158
https://www.ncbi.nlm.nih.gov/pubmed/?term=Hamilton%20SA%5bAuthor%5d&cauthor=true&cauthor_uid=26685158
https://www.ncbi.nlm.nih.gov/pubmed/?term=O%27Rourke%20N%5bAuthor%5d&cauthor=true&cauthor_uid=26685158
https://www.ncbi.nlm.nih.gov/pubmed/?term=Smith%20SJ%5bAuthor%5d&cauthor=true&cauthor_uid=26685158
https://www.ncbi.nlm.nih.gov/pubmed/?term=Huguenard%20JR%5bAuthor%5d&cauthor=true&cauthor_uid=26685158
https://www.ncbi.nlm.nih.gov/pubmed/?term=Bliss%20TM%5bAuthor%5d&cauthor=true&cauthor_uid=26685158
https://www.ncbi.nlm.nih.gov/pubmed/?term=Steinberg%20GK%5bAuthor%5d&cauthor=true&cauthor_uid=26685158
https://pubmed.ncbi.nlm.nih.gov/?term=Qi+CL&cauthor_id=25114073
https://pubmed.ncbi.nlm.nih.gov/?term=He+XD&cauthor_id=25114073
https://pubmed.ncbi.nlm.nih.gov/?term=Ye+YX&cauthor_id=25114073
https://pubmed.ncbi.nlm.nih.gov/?term=Zhang+Y&cauthor_id=25114073
https://pubmed.ncbi.nlm.nih.gov/?term=Cao+L&cauthor_id=25114073
https://pubmed.ncbi.nlm.nih.gov/?term=Wang+LJ&cauthor_id=25114073


Page 14/21

61. doi: 10.1016/ j.ebiom. 2018.05.028. 

Ma L, Tessier-Lavigne M. Dual branch-promoting and branch-repelling actions of Slit/Robo signaling on
peripheral and central branches of developing sensory axons. J Neurosci, 2007, 27(25): 6843-51. doi:
10.1523/JNEUROSCI.1479- 07. 2007.

Marín O, Rubenstein JL. Cell migration in the forebrain. Annu Rev Neurosci, 2003, 26: 441-83. doi:
10.1146/annurev.neuro.26.041002.131058.

Navarro D, Alvarado M, Figueroa A, Gonzalez-Liencres C, Salas-Lucia F, Pacheco P, Sanchez-Vives MV,
Berbel P. Distribution of GABAergic Neurons and VGluT1 and VGAT Immunoreactive Boutons in the Ferret
(Mustela putorius) Piriform Cortex and Endopiriform Nucleus. Comparison With Visual Areas 17, 18 and
19. Front Neuroanat, 2019, 13:54. doi: 10.3389/fnana.2019.00054. 

Neuropathology Group, Medical Research Council Cognitive Function and Aging Study. Pathological
correlates of late-onset dementia in a multicentre, community-based population in England and Wales.
Neuropathology Group of the Medical Research Council Cognitive Function and Ageing Study (MRC
CFAS). Lancet, 2001, 357(9251):169-75. doi: 10.1016/s0140-6736(00)03589-3.

Nishimura N, Rosidi NL, Iadecola C, Schaffer CB. Limitations of collateral�ow after occlusion of a single
cortical penetrating arteriole. J Cereb Blood Flow Metab, 2010, 30(12): 1914-27. doi:
10.1038/jcbfm.2010.157.

Nishimura N, Schaffer C, Friedman B, Tsai PS, Lyden PD, Kleinfeld D. Targeted insult to subsurface
cortical blood vessels using ultrashort laser pulses: three models of stroke. Nat Methods 2006, 3(2): 99-
108. doi: 10.1038/nmeth844.

Olsen GM, Ohara S, Iijima T, Witter MP. Parahippocampal and retrosplenial connections of rat
posterior parietal cortex. Hippocampus, 2017 , 27(4):335- 8. doi: 10.1002/hipo.22701.

Saunders NR, D ziegielewska KM, Møllgård K, Habgood MD. Markers for blood -brain barrier integrity:
How appropriate is Evans blue in the twenty‐�rst century and what are the alter[1]natives? Front Neurosci,
2015, 9: 385. doi: 10.3389/fnins.2015.00385. eCollection 2015.

Schwartz-Bloom RD, Sah R. gamma-Aminobutyric acid(A) neurotransmission and cerebral ischemia. J
Neurochem, 2001, 77(2): 353-71. doi: 10.1046/j.1471- 4159.2001.00274.x.

Shigemoto-Mogami Y, Hoshikawa K, Sato K. Activated Microglia Disrupt the Blood-Brain Barrier and
Induce Chemokines and Cytokines in a Rat in vitro Model. Front Cell Neurosci, 2018, 12:494.  doi:
10.3389/fncel.2018. 00494. 

Shih AY, Blinder P, Tsai PS, Friedman B, Stanley G, Lyden PD, Kleinfeld D. The smallest stroke: occlusion of
one penetrating vessel leads to infarction and a cognitive de�cit. Nat Neurosci, 2013, 16(1):55-63. doi:
10.1038/nn.3278. 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Ohara%20S%5bAuthor%5d&cauthor=true&cauthor_uid=28032674
https://www.ncbi.nlm.nih.gov/pubmed/?term=Iijima%20T%5bAuthor%5d&cauthor=true&cauthor_uid=28032674
https://www.ncbi.nlm.nih.gov/pubmed/?term=Witter%20MP%5bAuthor%5d&cauthor=true&cauthor_uid=28032674
https://www.ncbi.nlm.nih.gov/pubmed/28032674
https://www.ncbi.nlm.nih.gov/pubmed/?term=Schwartz-Bloom%20RD%5bAuthor%5d&cauthor=true&cauthor_uid=11299298
https://www.ncbi.nlm.nih.gov/pubmed/?term=Sah%20R%5bAuthor%5d&cauthor=true&cauthor_uid=11299298
https://www.ncbi.nlm.nih.gov/pubmed/11299298/
https://pubmed.ncbi.nlm.nih.gov/?term=Friedman+B&cauthor_id=23242312
https://pubmed.ncbi.nlm.nih.gov/?term=Stanley+G&cauthor_id=23242312
https://pubmed.ncbi.nlm.nih.gov/?term=Lyden+PD&cauthor_id=23242312
https://pubmed.ncbi.nlm.nih.gov/?term=Kleinfeld+D&cauthor_id=23242312


Page 15/21

Solari N, Hangya B. Cholinergic modulation of spatial learning, memory and navigation. Eur J Neurosci,
2018, 48(5): 2199-2230. doi: 10.1111/ejn.14089.

Sofroniew MV, Vinters HV. Astrocytes: biology and pathology. Acta Neuropathol, 2010, 119(1):7-35. doi:
10.1007/s00401-009-0619-8.

Verkman AS, Anderson MO, Papadopoulos MC. Aquaporins: Important but elusive drug targets. Nat Rev
Drug Discov, 2014, 13: 259-77. doi: 10.1038/nrd4226. 

Vorhees CV, Williams MT. Morris water maze: procedures for assessing spatial and related forms of
learning and memory. Nat Protoc, 2006, 1(2):848-58. doi: 10.1038/nprot.2006.116.

Wang M, Iliff JJ, Liao Y,Chen MJ, Shinseki MS, Venkataraman A, Cheung J, Wang W, Nedergaard M.
Cognitive de�cits and delayed neuronal loss in a mouse model of multiple microinfarcts. J Neurosci,
2012, 32(50):17948-60. doi: 10.1523/JNEUROSCI.1860-12.2012.

Whitford KL, Marillat V, Stein E, Goodman CS, Tessier-Lavigne M, Chédotal A, Ghosh A. Regulation of
cortical dendrite development by Slit-Robo interactions. Neuron, 2002, 33 (1): 47-61. doi: 10.1016/s0896-
6273(01)00566-9.

Yang X, Han H, Sui F, Dai Y, Chen M, Geng J. Slit–Robo signaling mediates lymphangiogenesis and
promotes tumor lymphatic metastasis. Biochem Biophys Res Commun, 2010, 396(2):571-7. doi:
10.1016/j.bbrc.2010.04.152.

Ye BQ, Geng ZH, Ma L, Geng JG. Slit2 Regulates Attractive Eosinophil and Repulsive Neutrophil
Chemotaxis through Differential srGAP1 Expression during Lung In�ammation. J Immunol, 2010,
185(10):6294-305. doi: 10.4049/ jimmunol.1001648.

Yu X, Ye Z, Houston CM, Zecharia AY, Ma Y, Zhang Z, Uygun DS, Parker S, Vyssotski AL, Yustos R, Franks
NP, Brickley SG, Wisden W. Wakefulness Is Governed by GABA and Histamine Cotransmission. Neuron,
2015 87(1):164-78. doi: 10.1016/j.neuron.2015.06.003.

Zhou WJ, Geng ZH, Spence JR, Geng JG. Induction of intestinal stem cells by R-spondin 1 and Slit2
augments chemoradioprotection. Nature, 2013, 501(7465):107-11. doi: 10.1038/nature12416. 

Figures



Page 16/21

Figure 1

Overexpression of Slit2 improves spatial learning and memory de�cits caused by cerebral microinfarct
(CMI) induction. A. Experimental timeline of BDA injection and Morris water maze (MWM) testing, Two-
photon imaging and pathological analysis. B. Latencies to the hidden platform (escape latencies) during
training trials by wild type (WT) sham, WT cerebral microinfarct (MI), Slit2-Tg sham, and Slit2-Tg MI
groups. C. Swim paths during the probe trial. D. Number of target area crossings and time spent in the
target quadrant during the probe trial. Each dataset is expressed as mean ± SD. *P ≤ 0.05; **P ≤ 0.01;
***P ≤ 0.001; ****P ≤ 0.0001. n=6 mice.
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Figure 2

Overexpression of Slit2 reduces spontaneous Ca2+ signal amplitude and frequency in the peri-infarct
region. A, B. Diagram showing the site of microinfarct (MI) induction and two-photon Ca2+ imaging. C.
Representative Ca2+ images in the peri-infarct area of a WT mouse. White circles show six representative
neurons monitored for Ca2+ signals over 60 s. D. Representative Ca2+ signals in the six representative
neurons (regions of interest, ROIs) indicated in C. E. Representative Ca2+ images of the peri-infarct area in
a Slit2-Tg mouse. White circles show the six representative neurons monitored for 60 s. F. Representative
Ca2+ signals in the OGA-1AM-positive neurons (ROIs) indicated in E. G. Comparisons of Ca2+ signals
between sham and MI groups of WT and Slit2-Tg mice. Each dataset is expressed as mean ± SD. *P ≤
0.05; **P ≤ 0.01; ***P ≤ 0.001; ****P ≤ 0.0001. n=6 mice.
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Figure 3

Overexpression of Slit2 protects against dysfunctional axonal connectivity induced by MIs. A.
Representative image showing BDA injection (10×). B. Images of BDA-positive neurons and axons in
ipsilateral hippocampus, ipsilateral entorhinal cortex, and contralateral parietal cortex. C. Comparison of
BDA-positive cells in ipsilateral hippocampus, ipsilateral entorhinal cortex, and contralateral parietal
cortex among sham and MI groups of WT and Slit2-Tg mice (20×, 1 �eld/slice, 5 slices per mouse). Each
dataset is expressed as mean ± SD. *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; ****P ≤ 0.0001. n=6 mice.
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Figure 4

Overexpression of Slit2 increases peri-infarct GABAergic activity. A. Immunoexpression of the GABAergic
interneuron marker GAD67 and the neuronal marker Neun in peri-infarct areas (40 ×). B.
Immuno�uorescence staining of VGAT in peri-infarct areas (63 ×, zoomed in 3). C. Comparison of
GABAergic interneuron number and mean VGAT immuno�uorescence intensity among sham and MI
groups of WT and Slit2-Tg mice. D. Chemiluminescence imaging of GAD67 and GAPDH, or VGAT and
GAPDH in the peri-infarct area. E. Comparison of GAD67/GAPDH and VGAT/GAPDH expression ratios in
the peri-infarct area among sham and MI groups of WT and Slit2-Tg mice. Each dataset is expressed as
mean ± SD. *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; ****P ≤ 0.0001. n=6 mice.
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Figure 5

Overexpression of Slit2 reduces peri-infarct neuronal loss and microglia/macrophage activation. A.
Immuno�uorescence staining of neurons and microglia/macrophage (20×). B. Comparison of
microinfarct volumes between WT MI and Slit2-Tg MI groups. C. Comparisons of neuron and
microglia/macrophage numbers among WT sham, WT MI, Slit2-Tg sham, and Slit2-Tg MI groups (20×, 1
�eld/slice, 5 slices per mouse). Each dataset is expressed as mean ± SD. *P ≤ 0.05; **P ≤ 0.01; ***P ≤
0.001; ****P ≤ 0.0001. n=6 mice.
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Figure 6

Overexpression of Slit2 improves paravascular clearance in the peri-infarct area. A. Representative xyz
overlaid images of the cortical vascular (Rhodamine B: red color) and paravascular spaces (FITC-dextran:
green color) in the peri-infarct area at 5, 15, 30, 45, and 60 min after FITC-dextran injection (25 ×
objective). B. Linear analysis of the FITC-dextran �uorescence emission intensity in the paravascular
space. C. Histograms of FITC-dextran �uorescence intensity in the paravascular space at 5 and 60 min
after cisterna magna injection among WT sham, WT MI, Slit2-Tg sham, and Slit2-Tg MI groups. D.
Immuno�uorescence staining of AQP4 and the astrocyte marker GFAP (25 × objective, magni�ed by 3). E.
Comparison of GFAP+ astrocyte numbers and AQP4 polarity among WT sham, WT MI, Slit2-Tg sham, and
Slit2-Tg MI groups. Each dataset is expressed as mean ± SD. *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; ****P
≤ 0.0001. n=6 mice.

Supplementary Files

This is a list of supplementary �les associated with this preprint. Click to download.

Supplementary�le.doc

https://assets.researchsquare.com/files/rs-32713/v2/Supplementaryfile.doc

