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Abstract

Due to the limitation in treatment window of the rtPA (recombinant tissue plasminogen activator), 

the development of delayed treatment for stroke is needed. We previously reported that there is 

a difference in neurogenesis and neuroblast migration patterns in different mouse stroke models 

(proximal and distal middle cerebral artery occlusion models, pMCAo or dMCAo). Specifically, 

compared to robust neurogenesis and substantial migration of newly born neuroblasts in pMCAo 

model, dMCAo only illicit limited neurogenesis and migration of neuroblasts towards ischemic 

area. One potential reason for this difference is the relative location of ischemic area to white 

matter and the neurogenic niche (subventricular zone, SVZ). Specifically, white matter could serve 

as a physical barrier or inhibitory factor to neurogenesis and migration in the dMCAo model. 

Given that a major difference in human and rodent brains is the content of white matter in the 

brain, in this study, we further characterize these two models and test the important hypothesis 

that white matter is an important contributing inhibitory factor for the limited neurogenesis 

in the dMCAo model. We utilized a genetically inducible NSC-specific reporter mouse line 

(nestin-CreERT2-R26R-YFP) to label and track NSC proliferation, survival and differentiation 

in ischemic brain. To test whether myelin is inhibitory to neurogenesis in dMCAo model, we 

demyelinated mouse brains using cuprizone treatment after stroke and examined whether there is 

enhanced neurogenesis or migration of neuroblasts cells in stroke mice treated with cuprizone. 

Our data suggests that demyelination of the brain does not result in enhanced neurogenesis or 

migration of neuroblasts, supporting that myelin is not a major inhibitory factor for stroke-induced 

neurogenesis. In addition, our results suggest that in non-stroke mice, demyelination causes 

decreased neurogenesis in adult brain, indicating a potential positive role of myelin in maintenance 

of adult neural stem cell niche.
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1. Introduction

Even with the improvement of the therapeutic window in thrombectomy treatment of stroke, 

the treatment window for stroke is still limited to 6–24 h after stroke (Powers et al., 

2018). In addition, the percentage of patient receiving tPA treatment or recannulation is 

<10% (Powers et al., 2018; Jadhav et al., 2018; Mendez et al., 2018). Therefore, there 

is still urgent need to develop treatment strategies in subacute or chronic stage for stroke 

patients. It has been demonstrated that the rodent brains have the capacity to repair after 

stroke(Luo, 2011; Carmichael, 2008). Many studies have demonstrated that stroke can 

activate neurogenesis in the subventricular zone (SVZ) and subgranular zone (SGZ) (Jin et 

al., 2001; Arvidsson et al., 2002; Parent, 2003) in animal stroke models. Ablation of the 

doublecortin (DCX) positive neuroblast cells suppresses adult neurogenesis and attenuates 

recovery of motor function after stroke(Jin et al., 2010; Sun et al., 2012). These studies 

supports the importance of adult neurogenesis in the functional recovery following stroke. 

Recent studies suggest that the human brain also harbors neural stem cells (NSCs) in the 

SVZ. Both the hippocampus as well as the striatum have ongoing neurogenesis(Ernst et al., 

2014; Spalding et al., 2013). However, whether adult neurogenesis plays a critical role in 

stroke recovery in human is unknown. Some important differences between human brains 

and rodent brains, such as the differences in white matter percentage (Ventura-Antunes et 

al., 2013; Miller et al., 1980), might affect the translation of preclinical rodent models to 

future human therapy development. Currently, there are several different types of rodent 

stroke models in preclinical animal study. These different animal stroke models mimic 

different subtypes of stroke in humans and direct comparison of these models in detail 

regarding behavioral functional outcome and neurogenesis patterns have not been carried 

out previously. The proximal middle cerebral artery occlusion (MCAo) and distal MCAo 

model differ significantly concerning the size and location of the infarct in the brain. Our 

data showed that due to these differences, behavioral outcomes vary in these two models. 

In this study, for the first time, we compared neurogenesis pattern in stroke brain in these 

two models utilizing the nestin-CreERT2-R26R-YFP mice and identified very different 

neurogenesis responses and patterns in these two models. Furthermore, given the major 

difference between human and rodent brains in the sense of white matter content and 

location, we also tested the important hypothesis whether white matter/myelin is a major 

inhibitory factor for neurogenesis and migration of neuroblasts after stroke.

2. Materials and methods

2.1. Animals

All animal protocols were conducted under National Institutes Health (NIH) Guidelines 

using the NIH handbook Animals in Research and were approved by the Institutional 

Animal Care and Use Committee (University of Cincinnati). The mice were housed in the 

animal facility of University of Cincinnati on a 12-h light/dark diurnal cycle. Food was 

provided ad libitum. To evaluate neurogenesis in stroke mice, the nestin-CreERT2-R26R-

YFP strain was used in this study. The generation and characterization of animals used in 

this study were previously described (Lagace et al., 2007; Jin et al., 2015).
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2.2. Murine model of transient focal ischemia

Transient MCAo was induced in C57BL/6 or Nestin-CreERT2-YFP mice (C57BL/6 

congenic background, 10–12 week old) mice as described (Longa et al., 1989). Transient 

MCAo was induced by an intraluminal suture method. Mice were anesthetized with 

isoflurane and a midline neck incision was made to expose the right common carotid artery 

(rCCA). The isolated rCCA was temporarily ligated with a silk suture during whole period 

of occlusion. The right external carotid artery (rECA), and the right internal carotid artery 

(rICA) were also isolated by dissection of fascia. The rICA was clamped with an artery 

clamp above a loose suture tie around rICA. The rECA was ligated and cut to make a rECA 

stump. A nylon filament suture with a silicone rubber-coated tip (#602212PK10Re, Doccol 

co, Sharon, MA, USA) was inserted in rECA stump and further pushed along the lumen 

of ICA while the clamp was released and then the tie around rICA was tightened. After 45 

min of occlusion, the nylon suture was gently removed from rMCA to reperfuse the rMCA 

territory. The rECA stump was permanently ligated and the temporary ligation in rCCA and 

rICA were removed to allow normal blood flow to the brain. During the surgery, mice were 

placed above a temperature-controlled heating blanket and after the 45 min occlusion, the 

skin wound was closed with suture and the mice were placed in a heated animal intensive 

care unit chamber until recovery. To ensure consistent and successful blockage of MCA, 

we monitored ischemia in all of our animals by Laser Doppler flowmetry (PeriFlux System 

5000, Perimed, Järfälla-Stockholm, Sweden).

2.3. Cortical ischemia model (distal MCA occlusion)

Focal cerebral ischemia was produced in the mice as described in detail previously (Shen 

et al., 2008; Luo et al., 2009). The mice were anesthetized with chloral hydrate (0.4 g/kg, 

intraperitoneally [IP]). Body temperature was monitored and maintained at 37 °C by a 

heating pad. The surgical area was shaved and prepared with alternating betadine scrub and 

ethanol. A small 5-mm vertical skin incision was cut between the right eye and ear to expose 

the skull. A craniotomy of about 1 × 1 mm2 was made in the right squamosal bone to expose 

the middle cerebral artery (MCA). The MCA was ligated with 10–0 suture for 90 min 

followed by removal of the ligating suture at right CCA to allow for partial reperfusion. The 

skin wound was closed with suture and the mice were placed in a heated animal intensive 

care unit chamber until recovery. After recovery from the anesthesia, body temperature was 

maintained at 37 °C using a temperature-controlled incubator.

2.4. Tamoxifen administration

Male nestin-CreERT2-R26R-YFP mice (8–10 weeks old) were given tamoxifen (TAM) 

dissolved in 10% EtOH/90% sunflower oil by gavage feeding at a dose of 180 mg/kg 

daily for 5 consecutive days. This dosing regimen was previously demonstrated to provide 

maximal recombination with minimal mortality and successfully monitored the activated 

SVZ NSCs by stroke (Lagace et al., 2007; Jin et al., 2015; Li et al., 2010). For NSC 

fate mapping, TAM treated mice received MCAo surgery 10 days after the last TAM 

administration and mice were perfused at 42 days post stroke to harvest the brain for 

immunostaining. The time frame was chosen to specifically label NSCs in adult mice before 

the introduction of MCAo but also allow the clearance of TAM from mice at the time of 
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MCAo to prevent labeling of reactive astrocytes which also upregulate nestin expression 

after stroke.

2.5. Transient demyelination by cuprizone treatment

Adult male C57BL/6 mice (sham or 1 week after stroke) at about 12 weeks of age were fed 

with 0.2% cuprizone (TD.140800, ENVIGO) for 5 weeks. Starting at 3th weeks, substantial 

demyelination in the corpus callosum can be observed (Matsushima and Morell, 2001). 

Demyelination reaches a maximum at 5 weeks (Steelman et al., 2012; Gudi et al., 2009)

2.6. Behavioral assay

Locomotor function: Animals were placed in an Accuscan activity monitor (Columbus, OH, 

USA) before and at various days after MCAo for behavioral recording for 1 h as previously 

described (Luo et al., 2009). The monitor contained 16 horizontal and 8 vertical infrared 

sensors spaced 2.5 cm apart. Each animal was placed in a 42 × 42 × 31 cm Plexiglas 

open box for 60 min. Motor activity was calculated using the automated Versamax software 

(Accuscan, Columbus, OH, USA). The following variables were measured to assess both 

horizontal movement and vertical movement: (A) total distance traveled (the distance, 

in centimeters, traveled by the animals), (B) Vertical activity (the total number of beam 

interruptions that occurred in the vertical sensors). This behavioral test is automatically 

monitored by the computer and software therefore avoided observer bias.

2.7. Adhesive removal test

To examine sensorimotor deficits, the adhesive removal test was performed on the indicated 

days in pre-stroke or post-stroke animals. Each mouse was placed into transparent cylinder 

(15 cm diameter) during a habituation period of 1 min. Thereafter, two different colored 

adhesive labels (2.5 mm diameter made by punch, Tough Spots) were applied with equal 

pressure on each mouse’s forepaw. The mouse was recorded in the cylinder and scored later 

by observers blinded to the treatment. The time to remove the adhesive labels was scored 

with a maximum of 2 min. To achieve an optimum level of performance, mice were trained 

for 4 days before surgery to establish baseline performance.

2.8. Cylinder test

The Cylinder test was used to evaluate locomotor asymmetry in rodent models of stroke. 

As the animal moves within an open-top, clear plastic cylinder, its forelimb activity while 

rearing against the wall of the arena is recorded. Forelimb use is defined by the placement of 

the whole palm on the wall of the arena, which indicates its use for body support. Forelimb 

contacts while rearing are scored with a total of 20 contacts recorded for each animal. The 

number of impaired and non-impaired forelimb contacts are calculated as a percentage of 

total contacts.

2.9. MRI method

Imaging session was carried out at 2 days after stroke by staff that were blinded to the 

treatment groups. MRI studies were performed on a horizontal Bruker 9.4 T scanner with 

a 3-cm birdcage coil. Multi-slice, T2-weighted, axial images were acquired using a rapid 
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acquisition with relaxation enhancement (RARE) sequence(Hennig et al., 1986) to quantify 

ischemic edema volume. Imaging parameters were: TE/TR, 15/2000 ms; RARE factor, 

8; NAV, 4; matrix size, 256 × 256; slice thickness, 1 mm; number of slices, 13; field 

of view (FOV), 2.4 × 2.4 cm. Image reconstruction and analysis were performed offline 

using in-house developed, MATLAB-based (Natick, MA, USA) software. ROIs of ischemic 

edema volume and brain tissue were drawn from T2-weighted images. Consequently, the 

percentage of ischemic edema volume was calculated.

2.10. Luxol fast blue staining

To examine demyelination in cuprizone treatment mice, brain cryosections (30um) were 

mounted on Superfrost Plus slides and stained with 0.1% luxol fast blue solution (#26681–

01, Electron Microscopy Sciences) in 56 °C oven overnight. Sections were then rinsed 

sequentially in 95% ethanol, water and 0.05% lithium carbonate solution (#26681–04, 

Electron Microscopy Sciences) until the white matter sharply defined. When differentiation 

is complete, cryosections were dehydrated in 100% ethanol, cleared in xylene and mounted 

with cytoseal 60 mounting medium.

2.11. Immunohistochemistry

At different time points after stroke, mice were perfused transcardially with a solution of 

4% paraformaldehyde (PFA, pH 7.2) in 0.1 M phosphate buffer (PB, pH 7.2). Brains were 

removed from the skull, post-fixed in 4% PFA overnight at 4 °C, and sequentially transferred 

to 20% and 30% sucrose in 0.1 M phosphate buffer, pH 7.2 solutions overnight. Brains 

were frozen on dry ice and sectioned on a cryostat to obtain coronal sections of 30 μm in 

thickness.

The sections were then incubated with blocking buffer for one hour. The primary antibodies 

were prepared in the blocking buffer and the sections were incubated in the solution 

overnight: anti-GFP (Green fluorescent protein) (1:1000; Invitrogen) and anti-DCX (1:500, 

Millipore). After incubation with primary antibody solution, the sections were washed and 

incubated for four hours at room temperature in diluted secondary antibody prepared with 

blocking solution (secondary antibody conjugated with Alexa 488 or Alexa 555, 1:1000; 

Life Technologies, Carlsbad, CA, USA). The slides were then washed with PB solution 

and cover-slipped. Images were acquired using a Leica microscope. Omission of primary 

or secondary antibodies resulted in no staining and served as negative controls. Group and 

treatment information are all blinded to image analyzer.

2.12. Quantification of SVZ and SGZ neurogenesis and migration

To quantify total newly born YFP+ progeny or newly born neuroblasts, YFP+ or DCX+ cells 

are outline with region of interest (ROIs) at the horn or wall of SVZ region as illustrated in 

Fig. 5A. Immunoreactive positive signals were analyzed by Nikon NIS-Elements software 

(Tokyo, Japan) on at least three sections at equivalent coronal positions in each animal. To 

quantify for the migration of YFP+ or DCX+ cells, the distance of YFP+ or DCX+ migrated 

from the horn of the SVZ was measured using NIS-Element software on the same three 

brain sections for each animal. To analyze the neurogenesis at SGZ in hippocampus, YFP+ 

cells were counted on at least three sections that contains similar coronal position of SGZ 
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regions. DCX+ immunoreactivity was quantified using NIS-Element software on the same 

three sections for each animal. The quantification results were averaged for each animal 

from the measured sections and used as a single data point for statistical analysis. All of the 

images were analyzed by observers blinded to the treatment group.

2.13. SVZ and SGZ neural stem cell 3D neurosphere growth assay

Primary stem cell cultures were obtained from C57BL/6J mice at 4–6 weeks of age from 

the SVZ and SGZ as described (Turcato et al., 2018; Guo et al., 2012). Whole brains 

were harvested and dissected under microscope to obtain the subventricular zone (SVZ) 

and SGZ tissue. After mechanical dissociation with a stab knife, the tissue fragments were 

processed using trypsin and resuspended as individual cells at a density of 104 cells/cm2 

in neurobasal media with growth factors EGF and bFGF (NBM-GF). Subsequent passaging 

of cells was performed using Accutase (Innovative #AT-104) every 7 days until the cells 

established viable lines, and cellular debris was naturally diminished after each passage. At 

day 4 of each passage, the proliferating spheres were fed with NBM-GF. We used NSCs at 

passage P3-P8 in this study. After dissociation the neurospheres during passaging, individual 

cells were plated at a density of 3 × 10(Mendez et al., 2018) cells/well in a round bottom 

96-well plate in 100uL of NBM-GF with vehicle or different concentrations of cuprizone 

treatment. After 48 h of neurosphere aggregation, neurospheres were treated with different 

concentrations of cuprizone or vehicle. On day 7, images of each well were taken using 

Evos M5000 microscope (ThermoFisher Scientific). 8 replicate wells were quantified for 

each condition and the radius of the neurospheres were measured using Nikon NIS Element 

software (Nikon). Three replicating experiments showed similar results.

2.14. Statistics

Results are expressed by mean ± SEM of the indicated number of experiments. Statistical 

analysis was performed using Student’s t-test, and one- or two-way analysis of variance 

(ANOVA), as appropriate, with Student-Newman-Keuls post hoc tests or Bonferroni post-

hoc tests for repeated behavioral measurements. A p-value equal to or <0.05 was considered 

significant. Number of animals used in each experiments are indicated in figure legends.

3. Results

3.1. Proximal middle cerebral artery occlusion (pMCAo) and distal middle cerebral artery 
occlusion (dMCAo) model produce different pattern and size infarct

Both pMCAo and dMCAo are widely used in modeling ischemic stroke in rodents. We 

have previously observed that pMCAo and dMCAo showed different response in regards to 

neurogenesis(Jin et al., 2015). However, to the best of our knowledge, comprehensive and 

detailed comparison between these two models have not been carried out. In this study, we 

first examined the location and size of infarct in these two models. Both TTC staining and 

T2-weighted MRI showed that pMCAo induces a much larger infarct covering both striatal 

and cortical area and dMCAo induces a smaller infarct restricted to cortical area dorsal and 

lateral to the corpus callosum (Fig. 1 A–D). We used T2-weighted MRI to quantify the 

infarct size of pMCAo and dMCAo and the result showed that pMCAo results in an infarct 
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volume average of 52.23% of the hemisphere and dMCAo results in an infarct volume 

average of 9.31% of the hemisphere (Fig. 1E).

3.2. Proximal MCAo and distal MCAo results in different behavioral deficits in mice

Given the different pattern and size of infarct in the brain following pMCAo or dMCAo, we 

next examined the behavioral outcome following either pMCAo or dMCAo. Since pMCAo 

lead to larger infarct and more severe motor deficits, we examined the motor deficits starting 

from post-stroke day 3 and for dMCAo we measured post-stroke day 1 and 4 during 

the acute stage. Both models were followed up till 4 weeks after stroke to examine the 

subacute-chronic recovery in behavioral function. We first examined the locomotion activity 

in animals at various time point before or after stroke. This assay has been previously used 

by us and others to detect motor deficits in stroke animals(Luo et al., 2009; Turcato et al., 

2018; Jin et al., 2017; Vahid-Ansari et al., 2016). Our results show that in mice subjected 

to pMCAo there are significant deficits in horizontal movement (measured by total distance 

traveled in 1 h in the activity chamber) as early as 3 days post stroke (Fig. 2A). There 

is spontaneous recovery in horizontal movement following stroke, however, the deficit is 

sustained until up to 4 weeks after stroke in pMCAo model (Fig. 2A). Vertical activity 

in pMCAo mice followed a similar trend (Fig. 2C). We then examined the locomotion 

activity in dMCAo mice. Since this model generates stroke infarcts that are mostly in 

cortical area, not affecting striatum, mice subjected to dMCAo showed significant deficits in 

horizontal activity during acute stages (post-stroke days 4 and 7) but animals recovered to 

baseline level at 2 weeks and 4 weeks after stroke (Fig. 2B). Interestingly, vertical activity 

demonstrated an acute decrease at 1 day after stroke but quickly recovered to baseline level 

at 4 days post stroke (Fig. 2D). This result suggests that the quick recovery in vertical 

activity might be associated with the lack of striatal lesion in the dMCAo model. We also 

examined sensorimotor functions in pMCAo or dMCAo mice using the adhesive removal 

test and the cylinder test. In the adhesive removal test, we observed significant deficits in 

all time points tested (1wk-4wk) after pMCAo model (Fig. 2E) and in the dMCAo model, 

a transient deficit was observed at 1 day after stroke but mice quickly recovered to baseline 

level in this behavioral measurement (Fig. 2F). Although dMCAo model only showed 

a transient deficit in the adhesive removal test, utilizing the cylinder test, we observed 

sustained deficits in the affected limb from 4 days to 4 weeks post stroke. The 1-day time 

point did not show a preference on either the unaffected or affected limb, probably due to 

the minimal rearing movement in stroke mice at 1 day after stroke. For the pMCAo model, 

depending on the infarct size (either striatal infarct or striatal + cortical infarct), the results 

on cylinder test was inconsistent (Data not shown).

3.3. pMCAo and dMCAo model demonstrate different pattern of neurogenesis and 
neuroblast migration

To compare neurogenesis and migration pattern of adult NSCs in the SVZ in the pMCAo 

and the dMCAo model, we utilized a previously established protocol to label and track 

SVZ nestin-expressing NSCs and their progeny in the nestin-Cre ERT2/R26R-YFP mice 

(Jin et al., 2015; Li et al., 2010; Jin et al., 2017). In a previous study, we have observed 

that neurogenesis patterns are different between the pMCAo and the dMCAo models(Jin 

et al., 2015). We have observed that there are substantially more newly born neuroblasts 
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migrating towards ischemic area in the pMCAo model (striatum/cortex). In contrast, there 

are very few DCX+ cells that demonstrated the morphology of migrating neuroblasts, 

and those were found along the corpus callosum (CC) but not near the cortical ischemic 

site(Jin et al., 2015). Using the nestin-Cre ERT2/R26R-YFP mice which allows tracking 

of adult SVZ derived newly born cells, we confirmed that even at 6 weeks after stroke 

onset, the pMCAo model exhibits substantially and significantly more newly born cells 

derived from the SVZ NSCs as well as more DCX+ newly born neuroblasts compared 

to the dMCAo model (Fig. 3A–D). We speculate that this difference in neurogenesis and 

neuroblasts migration can be due to several different factors. 1. Difference in the infarct size: 

pMCAo has significantly larger infarct compared to dMCAo. 2. Distance of the ischemic 

region to the SVZ niche: pMCAo leads to ischemic regions closer to SVZ region compared 

to dMCAo. 3. The location of ischemic region, specifically the location of infarct in regard 

to its relative position to white matter: pMCAo generates an infarct that is close to the 

SVZ and medial to the Corpus callosum (white matter) while a dMCAo generates an infarct 

that is further from the SVZ and lateral to the Corpus callosum (white matter). The third 

hypothesis is particularly interesting since one of the most prominent differences between 

human and rodent brains is the content of white matter and the cortical area lateral to white 

matter (Ventura-Antunes et al., 2013; Miller et al., 1980; Semple et al., 2013). Therefore, in 

this study we focused to examine whether myelin or white matter would be a contributing 

inhibitory factor for the limited neurogenesis or migration of newly born cells in the dMCAo 

model.

3.4. Demyelination of the mouse brain utilizing the cuprizone treatment

To examine whether the myelin/white matter might serve as a critical inhibitory factor 

for neurogenesis and migration of newly born cells in adult brain, we applied cuprizone 

treatment in sham or stroke mice. Cuprizone is a potent chelator of copper and has been 

widely used for examining demyelination/remyelination processes in multiple sclerosis 

research. Oral cuprizone treatment can demyelinate the brain in the corpus callosum 

adjacent to the SVZ and the cortical ischemic area (Steelman et al., 2012; Gudi et al., 2009; 

Praet et al., 2014). Mice were treated with Tamoxifen to induce the reporter expression 

(YFP) in adult NSCs at 10 days before the surgery. And one week after the dMCAo, 

we treated mice with diet containing either vehicle or cuprizone (0.2% in diet). Fast 

blue staining (Fig. 4) confirmed that cuprizone treatment for 5 weeks was effective in 

demyelinating the corpus callosum, which is consistent with previous studies (Steelman et 

al., 2012; Gudi et al., 2009)

3.5. Effect of demyelination on SVZ neurogenesis and neuroblasts migration in sham or 
stroke mice

After cuprizone treatment, we examined the number of SVZ YFP+ cells which contains 

NSCs and their progeny. We examined YFP+ cells both at the horn of the SVZ and the 

lateral wall of the SVZ, as illustrated in Fig. 5A. We found that in sham mice, cuprizone 

treatment led to significant decreased YFP+ cells in both the SVZ horn and SVZ wall. This 

suggests that cuprizone treatment lead to decreased NSCs or their progeny in non-stroke 

mice. Interestingly, in stroke mice, cuprizone-treated mice have similar level of YFP+ cells 

in both SVZ horn and wall compared to vehicle treated stroke mice, suggesting that NSCs in 
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stroke mice are resistant to cuprizone treatment. However, we did not observe any enhanced 

neurogenesis in stroke mice after demyelination with cuprizone (Fig. 5). Examining the 

migration of newly born cells at the SVZ by measuring the length they migrated out of the 

SVZ and towards the cortical area, our data showed that stroke induced more migration of 

YFP+ cells towards the cortex but there is no difference between the vehicle or cuprizone 

treated mice. This data suggests that the microenvironment of post-stroke brain provided 

factors that activated the NSCs which compensated for the decreased YFP+ cells in sham 

mice, and that demyelination in the stroke brain does not further enhance the expansion or 

migration of the SVZ NSCs (Fig. 5).

To specifically examine newly born cells that are committed to the neuronal lineage, we also 

quantified the number and migration of DCX+ neuroblast cells in the SVZ zone in sham or 

stroke mice treated with vehicle or cuprizone (Fig. 6). DCX+ positive cells in the SVZ horn 

in stroke mice has a trend of increase (p = .06) and migrate significantly further compared 

to non-stroke mice (p < .01). Similarly, there is no difference in DCX+ cells numbers at 

the SVZ horn nor at the SVZ wall in vehicle treated or cuprizone treated mice (Fig. 6 A, 

B). Migration distance from the SVZ horn is similar in vehicle-treated or cuprizone-treated 

mice (Fig. 6C). Interestingly, in sham animals, cuprizone treatment does not affect the total 

number of DCX+ cells, in contrast to significantly decreased YFP+ cells, suggesting that at 

SVZ, cuprizone treatment might affect specific populations of NSC niche cells other than 

mature DCX+ neuroblasts.

3.6. Effect of demyelination on SGZ neurogenesis and neuroblasts migration in sham or 
stroke mice

The SGZ in the hippocampus is the other main niche for adult neurogenesis the brain. 

Next, we examined the effect of cuprizone on both YFP+ cells and DCX+ positive cells 

in the SGZ. Our results showed that total YFP+ cells at the SGZ increased in stroke 

mice suggesting enhanced neurogenesis after stroke (Fig. 7 A/C and Fig. 7 G/I), consistent 

with previous studies from our and other labs. Interestingly, Cuprizone treatment almost 

completely abolished both YFP+ and DCX+ cells in the SGZ in non-stroke mice (Fig. 7D). 

In stroke mice that were treated with cuprizone, YFP+ cells are partially restored (Fig. 7J) 

suggesting that stroke-activated SGZ NSCs are partially resistant to cuprizone treatment; 

however, they fail to differentiate to neuroblast since DCX+ cells are still abolished in 

both non-stroke and stroke animals (Fig. 7E/F and Fig. 7K/L). This suggests a diminished 

capacity of these cells in neuronal differentiation, which is consistent with the astrocyte 

morphology of remaining YFP+ cells (Fig. 7).

3.7. Direct effect of cuprizone on SVZ and SGZ neural stem cell growth in vitro

To examine whether the decreased neurogenesis in vivo is due to direct toxicity of cuprizone 

to neural stem cells or an indirect effect due to demyelination, we established primary adult 

neural stem cell cultures from either SVZ or SGZ area. We analyzed the growth of NSCs in 

a 3-D neurosphere culture format to quantify the proliferation capacity of neural stem cells. 

Three thousand single neural stem cells from either SVZ or SGZ were plated in each single 

96-well plate well which aggregate into a single neurosphere in 48 h. Cuprizone treatment 

was initiated at 48 h after plating to evaluate its effect on neurosphere growth. There is no 
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reported measurement of serum concentration of cuprizone concentration in the in vivo diet 

cuprizone model, therefore we used a range of concentration of cuprizone that has been 

shown to cause oligodentrocytes toxicity in vitro (250 μM to 1 mM) (Benardais et al., 2013; 

Taraboletti et al., 2017). Our data show that all three cuprizone concentrations (250 μM, 500 

μM and 1 mM) cause decreased neurosphere growth with higher cuprizone concentration 

showing more severe inhibition in neurosphere growth (Fig. 8). However, compared to 

the substantial decrease of YFP+ NSCs in vivo, the degree of inhibition after 7 days 

is moderate (10.4%-22.4% decrease). In addition, although in vivo SVZ and SGZ NSCs 

showed different vulnerability to cuprizone treatment, in vitro cuprizone treatment showed 

similar inhibitory effect in both SVZ and SGZ NSCs (Fig. 8, no significant differences 

between SVZ and SGZ cells in treatment groups). In summary, these data suggest that in 

vivo cuprizone treatment could be due to combined direct toxicity of cuprizone to NSCs and 

indirect effects of demyelination in the neurogenic niches.

4. Discussion

Pre-clinical stroke research has not been very successful in translating to clinical therapy 

(Fisher et al., 2009). A potential contributing factor is the difference between human brains 

and the rodent brains (Dirnagl and Endres, 2014). One of the most significant differences 

between human brains and rodent brains is the proportion of white matter to gray matter. 

Gray matter is composed of neural cell bodies, axon terminals, and dendrites. White matter 

is composed of axonal bundles coated with myelin. In primate and human brain, white 

matter composes 40–50% of the brain(Miller et al., 1980) while in rodents this percentage 

is only about 10% (Ventura-Antunes et al., 2013). We have previously reported(Jin et al., 

2015) and in this study in further detail characterized the differences in neurogenesis and 

neuroblast cell migration in the pMCAo model and the dMCAo model. Besides differences 

in size of infarct in these two models, another important difference in the infarct location is 

their relative locations to white matter (corpus callosum, CC) in mouse brain. In pMCAo, 

the infarct area is adjacent to the SVZ and not separated by the CC. However, in dMCAo, 

the infarct area is mostly in the cortical area, lateral to the CC and separated from the 

SVZ by the CC. Given the important difference between human and rodent brains in 

white matter content in the human brain, we asked some critical questions: Is white 

matter a major inhibitory factor to neurogenesis and neuroblasts migration? Does white 

matter contribute to the differences we reported here in neurogenesis patterns in pMCAo 

and dMCAo models? Answers to these important questions will help provide evidence to 

evaluate whether promoting neurogenesis after stroke might be a reasonable strategy to 

human stroke recovery and the types of stroke that it might be suitable for. That is, if white 

matter is a major inhibitory factor for neurogenesis, then a cortical stroke that is separated 

from the SVZ by white matter might not be a good target for neurogenesis-promoting 

therapy. While on the other hand, a basal ganglia stroke which is adjacent to the SVZ 

might be a better subtype of stroke to enhance neurogenesis as a therapeutic strategy. 

With this important question and rationale, we first further characterized the infarct size, 

location, behavioral deficits and neurogenesis pattern in these two models. To our best 

knowledge, the direct, detailed and comprehensive comparison of these two models in mice 

has not been carried out previously. More importantly, utilizing the Nestin-creERT2-YFP 
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mice which allows us to precisely turn on a reporter gene in adult NSCs at certain time 

point (10 days before stroke in adult mouse) allows us to precisely label and track the 

adult NSCs and their progeny. Utilizing this mouse model, we further characterized and 

confirmed the difference in neurogenesis patterns in pMCAo model and dMCAo model. 

Indeed, the pMCAo model elicits a much more substantial neurogenesis response and results 

in more and further migration of neuroblasts cells into the infarct area than dMCAo. We 

then tested whether white matter is a major inhibitory factor to the limited neurogenesis 

and migration of neuroblast cells in the dMCAo model by demyelinating the brain at 

from 1 to 6 weeks after stroke. After demyelination of the brain (5 weeks after cuprizone 

treatment), we examined the total number of YFP+ cells and DCX+ cells and their migration 

distance in the dMCAo model. Our data showed that even after demyelination of the 

brain, we did not observe substantially increased neurogenesis of YFP+ cells nor DCX+ 

neuroblasts migration. On the contrary, our data suggested that in sham-operated mice, 

cuprizone treatment substantially decreased the total number of YFP+ cells at both the 

SVZ and the SGZ and it almost completely abolished the SGZ DCX+ cells. Interestingly, 

in stroke mice, this decrease in YFP+ cells are partially rescued, suggesting that stroke 

activates certain molecular pathways within NSCs or in the microenvironment, which 

partially protected NSCs from cuprizone treatment. Our data suggest that myelin may not be 

a major inhibitory factor for neurogenesis and neuroblasts migration. This negative result is 

important because it suggests that modulating neurogenesis could be a potential therapeutic 

strategy despite the high content of white matter in human brain. Recently the effect of 

demyelinating agents such as cuprizone on the maintenance and homeostasis of adult NSCs 

have been suggested by other studies (Abe et al., 2015; Hillis et al., 2016). Our study also 

suggests that the SVZ and the SGZ might have different sensitivity to demyelinating agents. 

Recently, another independent study reported differences in sensitivity of SVZ and SGZ 

NSCs to cuprizone treatment which is consistent with our finding (Zhang et al., 2019). 

The observed differences in vulnerability to cuprizone treatment in SVZ and SGZ NSCs 

could be due to several potential reasons. Firstly, although both SVZ and SGZ niches 

contains adult NSCs that can differentiate into multiple lineage cells in adult brain. They are 

intrinsically heterogeneous. SVZ NSCs give birth to olfactory bulb interneurons and corpus 

callosum oligodendrocytes, whereas SGZ NSCs give rise to new neurons and astrocytes in 

hippocampus(Bond et al., 2015). Morphologically SVZ and SGZ NSCs and their progenies 

are different and cell markers that identify different populations of NSCs /progenies are 

different at the two niches as well. During aging, SGZ neurogenesis capacity decreases 

more severely than SVZ neurogenesis, indicating that SGZ NSCs might be intrinsically 

programed to have less capacity for prolonged self-renew and proliferation or be more 

vulnerable to changes in the microenvironment of the niche(Jin et al., 2004; Jin et al., 2003). 

These intrinsic differences between the SVZ and SGZ cells might account for increased 

vulnerability of SGZ NSCs to cuprizone treatment. Secondly, cuprizone induces distinct 

pattern of demyelination in different brain areas(Taraboletti et al., 2017; An et al., 2019). 

Demyelination of the hippocampus is prominent in the cuprizone model. Striatum, where 

the SVZ NSCs is located adjacently is less demyelinated compared to the hippocampus 

where the SGZ NSCs resides. This could contribute to the increased decline in neurogenesis 

in SGZ as well. To examine whether cuprizone could lead to direct cytotoxicity in adult 

SVZ and SGZ NSCs, we obtained in vitro primary NSCs cultures from adult mouse brain. 
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Using different cuprizone concentration in culture media that has previously been shown 

to cause toxicity in oligodendrocytes (Benardais et al., 2013; Taraboletti et al., 2017), we 

found that cuprizone treatment could directly inhibit the growth of neurospheres formed by 

both SVZ and SGZ NSCs. Interestingly, the direct inhibitory effect of cuprizone on SVZ 

and SGZ NSCs in vitro is moderate (10.4%-22.4% decrease compared to vehicle-treated 

neurospheres) and dose not significantly differ between SVZ and SGZ NSCs (Fig. 8). 

Therefore, our data suggest that in addition to direct inhibitor effect, demyelination induced 

indirect effects on NSCs might also contribute to the observed substantial decrease in 

neurogenesis in vivo. Precise mechanisms of the direct and indirect inhibitory effects of 

cuprizone on SVZ and SGZ neurogenesis warrants further investigation in future studies.
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Fig. 1. 
Proximal MCAo (pMCAo) and distal MCAo (dMCAo) induces different infarct size and 

locations in mouse brain. (A-B) TTC staining, (C-D) T2-weighted MRI images of pMCAo 

and dMCAo after 24 h. (E) quantification of infarct size using T2-weighted MRI imaging. 

The data are presented as MEAN± SEM (n = 7 for pMCAo and n = 13 for dMACo). Scale 

bar = 1 mm.
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Fig. 2. 
Behavioral outcomes in pMCAo and dMCAo mice. (A-B) Total horizontal distance traveled, 

(C-D) Vertical activity, (E-F) Adhesive removal test and (G) Cylinder test results at pre- and 

post-stroke days. The data are presented as MEAN± SEM. * p < .05, ** p < .01, and ***p < 

.001, or. ANOVA. (n = 7 for pMCAo and n = 13 for dMCAo).
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Fig. 3. 
pMCAo induces more substantial neurogenesis and migration of double cortin (DCX) 

positive neuroblasts compared to dMCAo. Top panel, experimental timeline. (A-B) YFP+ 

cells at 6 weeks after pMCAo or dMCAo. (C-D) DCX+ neuroblasts at 6 weeks after 

pMCAo or dMCAo. Scale bar =100um
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Fig. 4. 
Demylination of corpus collosum following 5-week cuprizone treatment. Luxol fast blue 

staining in vehicle or cuprizone treated brains. Scale bar =100um. (For interpretation of the 

references to colour in this figure legend, the reader is referred to the web version of this 

article.)

Luo et al. Page 18

Exp Neurol. Author manuscript; available in PMC 2022 November 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 5. 
Effects of Cuprizone treatment on YFP+ cells expansion and migration in non-stroke and 

stroke mice. Top panel, experimental timeline. A. Illustration of quantification parameters. 

(B) YFP+ immunoreactive positive cells in the SVZ horn area. (C) migration length of 

YFP+ cells in SVZ horn area and (D) YFP+ immunoreactive positive cells in the SVZ wall 

area in different group of mice. (E-H) representative images from each group quantified in 

B-D. The data are presented as MEAN± SEM. * p < .05, ** p < .01, and ***p < .001. 

ANOVA (n = 4–5 for each group). Scale bar =100um.
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Fig. 6. 
Effects of Cuprizone treatment on double cortin (DCX) + neuroblast cells expansion and 

migration in non-stroke and stroke mice. Top panel, experimental timeline. (A) DCX+ 

immunoreactive positive cells in the SVZ horn area. (B) migration length of DCX+ cells 

in SVZ horn area and (C) DCX+ immunoreactive positive cells in the SVZ wall area in 

different group of mice. (D-G) representative images from each group quantified in B-D. 

The data are presented as MEAN± SEM. * p < .05, ** p < .01, and ***p < .001. ANOVA (n 

= 4–5 for each group). Scale bar =100um.
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Fig. 7. 
Effects of Cuprizone treatment on subgranular zone (SGZ) YFP+ and double cortin (DCX) 

+ neuroblast cells expansion and migration in non-stroke and stroke mice. Representative 

images of YFP+ or DCX+ cells in SGZ from each group (A-C, non-stroke+vehicle; D-

F, non-stroke+cuprizone; G-I, stroke+vehicle and J-L, stroke+cuprizone. Dashed square 

indicate the area that is enlarged in the right panel with higher magnification. All groups are 

quantified in panel M (YFP+ cells) and panel N (DCX+ cells). The data are presented as 

MEAN+ SEM. * p < .05, ** p < .01, and ***p < .001. ANOVA (n = 4–5 for each group). 

Scale bar =100um.
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Fig. 8. 
Direct effects of Cuprizone treatment on SVZ and SGZ neurosphere growth. Representative 

neurosphere images from different Cuprizone concentration or vehicle treatment initiated at 

48-h after cell plating and harvested at 7 days after plating. Quantification of neurosphere 

radius shown in lower panel. The data are presented as MEAN± SEM. ***p < .001. ANOVA 

(n = 6 for each group). Scale bar =100um.
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