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Abstract

Replacement of dead neurons following ischemia, either via enhanced endogenous neurogenesis 

or stem cell therapy, has long been sought. Unfortunately, while various therapies that enhance 

neurogenesis or stem cell therapies have proven beneficial in animal models, they have all 

uniformly failed to truly replace dead neurons in the ischemic core to facilitate long-term recovery. 

Remarkably, we observe robust repopulation of medium-spiny neurons within the ischemic core of 

juvenile mice following experimental stroke. Despite extensive neuronal cell death in the injured 

striatum of both juveniles and adults at acute time points after ischemia (24hr and 7d), mature 

newborn neurons replaced lost striatal neurons at 30d post-ischemia. This neuronal repopulation 

was found only in juveniles, not adults, and importantly, was accompanied by enhanced post-

ischemic behavioral recovery at 30d. Ablation of neurogenesis using irradiation prevented 

neuronal replacement and functional recovery in MCAo-injured juvenile mice. In contrast, 

findings in adults were consistent with previous reports, that newborn neurons failed to mature and 

died, offering little therapeutic potential. These data provide support for neuronal replacement and 

consequent functional recovery following ischemic stroke and new targets in the development of 

novel therapies to treat stroke.
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Introduction

Approximately 800,000 Americans experience a new or recurrent stroke every year, and 

many survivors continue to live with permanent stroke-related disabilities, often leading to 

poor quality of life (Korda and Douglas, 1997, Mercier et al., 2001, Sun et al., 2014). 

Although stroke is one of the leading causes of death and disability worldwide, no 

successful long-term neuroprotective therapies have been found in clinical trials to date 

(Kidwell et al., 2001, Ginsberg, 2008, Minnerup et al., 2012), highlighting the need for 

novel therapeutic approaches. Neuronal replacement could result in direct recovery of 

function, since many post-ischemic impairments are due to neuronal damage or death. 

Neurogenesis (the birth of new neurons) is one emerging approach involving the generation 

of functionally integrated neurons from progenitor cells, and occurs throughout life in the 

brain of mammals, making it an appealing target for potential interventions to enhance post-

stroke recovery.

Long-standing evidence indicates that cerebral ischemia initiates adult neurogenesis (Liu et 

al., 1998, Jin et al., 2001, Arvidsson et al., 2002, Nakatomi et al., 2002). Stroke-induced 

neurogenesis in adult mice involves vigorous proliferation and migration of neural 

progenitor cells, but most cells die within 4 weeks (Lichtenwalner and Parent, 2006, Liu et 

al., 2013, Tobin et al., 2014), unable to repair tissue and repopulate damaged areas (Zhao et 

al., 2008). The timeline for rapid proliferation is short-lived, peaking at 7 days post-injury 

(Lichtenwalner and Parent, 2006, Liu et al., 2013). Much research has focused on neonatal, 

perinatal, and adult rodents, yet few studies have assessed post-stroke neurogenesis in 

juveniles. Research centered on adult neurogenesis in rodent models of cerebral ischemia 

demonstrate little replacement of neurons lost following stroke-induced damage. Adult 

neurogenesis differs from developmental neurogenesis, where the brain is undergoing 

processes such as axon pathfinding, programmed cell death, and dendritic extension, which 

are limited in the mature neurons of the adult brain (Danzer, 2008). The juvenile brain is 

ideal for studying neurogenesis because 3–4 week old mice have a fully developed brain that 

has reached neuronal maturity like adults, yet isn’t vulnerable to the developmental 

processes found in the neonatal and perinatal brain. Differences between the juvenile and 

adult brain may shed light on potential interventions that could be used to enhance 

neurogenesis in adults, or help identify why newborn neurons do not survive in adults.

To test the hypothesis that neurogenesis and functional recovery may be enhanced in the 

juvenile brain, we compared an experimental ischemic stroke (Herson et al., 2013) model in 

juvenile and adult mice. We examined neurogenesis and neuronal replacement in the 

striatum with neurobehavioral assays of functional recovery and immunohistochemistry, 

including bromodeoxyuridine (BrdU) labeling and cell-type specific markers at 24hr, 7d, 

and 30d following 45min transient middle cerebral artery occlusion (MCAo). The vast 

majority of neurons lost in the striatum following stroke are GABAergic medium-sized 
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spiny neurons (MSN), which are the primary neuronal type (90–95%) in the region and are 

essential for motor function (Arlotta et al., 2008). To determine if striatal neurogenesis plays 

a role in post-stroke recovery of function, we tested an array of motor and locomotive 

functions at baseline, 7d, and 30d after cerebral ischemia.

Despite equivalent injury between age groups at acute time points (24hr and 7d), we 

discovered a robust regenerative response in the juvenile brain at 30d post-injury not found 

in adults. We found substantial neuronal replacement in areas of ischemic damage unique to 

the juvenile brain, along with improved functional outcomes on behavioral tests, revealing 

improved limb use and motor responses in MCAo-injured juvenile mice, but not adults.

Experimental Procedures

Seventy-two male C57BL/6 mice (Charles River Laboratories, Wilmington, MA) were 

randomly assigned to one of two groups for molecular experiments (MCAo Adult or MCAo 

Juvenile), one of four groups for behavior tests (MCAo Adult, Sham-operated Adult, MCAo 

Juvenile, or Sham-operated Juvenile), and the irradiation experiment included MCAo 

Juvenile+irradiation mice. Mice were single housed, in temperature (23 ± 3 °C) and light 

(12:12hr, light:dark) controlled rooms with ad libitum access to food and water. All 

procedures were performed in accordance with University of Colorado Institutional Animal 

Care and Use Committee guidelines for the humane use of laboratory animals in biological 

research.

Middle Cerebral Artery Occlusion (MCAo)

MCAo methods are as previously reported (Jia et al., 2011, Herson et al., 2013). Briefly, 

cerebral ischemia was induced under isoflurane anesthesia in juvenile (postnatal day 20–25, 

10–15g) and adult (8 weeks, 25–30g) mice for 45min with reversible MCAo via the 

intraluminal suture method. Minor variations were incorporated to accommodate the small 

size of P20–25 mice (a 6-0 nylon suture was heat-blunted and coated with silicone gel to 

obtain a smaller filament diameter of ~0.18 mm). The adequacy of MCAo was confirmed by 

laser Doppler flowmetry (>70% drop required for inclusion) measured over the ipsilateral 

parietal cortex in all mice.

Bromodeoxyuridine (BrdU) Administration

Two injections of BrdU (50 mg/kg in 0.9% saline, i.p.; Sigma, St. Louis, MO) were given at 

24hr and 48hr after stroke, at peak expression times reported in the literature following 

stroke. A synthetic analog of thymidine, BrdU is commonly used in the detection of 

proliferating cells in living tissues.

Immunohistochemistry

Tissue collection, staining, and analyses were performed by a blinded investigator. Cellular 

proliferation and neurogenesis was assessed by BrdU co-localization with cell type-specific 

markers, since developing neurons express distinct markers during the maturation process. 

Immunofluorescence assays also included markers for GABAergic MSNs, the primary 

neuronal type in the striatum (90–95%), and for the remaining neuronal types (5–10%), 
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cholinergic interneurons and GABAergic parvalbumin-immunoreactive interneurons (Chang 

and Kita, 1992, Arlotta et al., 2008). Staining of 50 μm sections consisted of phosphate-

buffered saline washes (1X PBS, 3×5 min), 1hr incubation in blocking serum (5% normal 

donkey serum with 0.3% Triton X-100), overnight incubation at 4°C in primary antibody, 

PBS washes (3×5 min), 1hr incubation in secondary antibody, PBS washes (3×5 min), 

Hoechst counterstain 5 min (1:10,000 in PBS), PBS washes (3×5 min), mount and coverslip 

with anti-fade mounting medium (Vectashield). For BrdU staining, sections were washed 

with 1X PBS (3×5 min), denatured (2N HCl) for 20 min at 37°C, neutralized with 0.1M 

borate buffer (pH 8.5, 3×15 min), PBS washes (3×5 min), and finished using the protocol 

listed above. The following primary antibodies for cell-specific markers were used: rat anti-

BrdU (1:300, Abcam), rabbit anti-doublecortin (DCX, 1:500, Abcam), mouse anti-NeuN 

(1:500, Millipore), rabbit anti-COUP-TF-interacting protein 2 (Ctip2, 1:300, Abcam), rat 

anti-Ctip2 (1:300, Abcam), rabbit anti-choline acetyltransferase (ChAT, 1:300, Millipore), 

mouse anti-parvalbumin (PV, 1:300, Sigma), goat anti-glial fibrillary acidic protein (GFAP, 

1:500, Santa Cruz Biotech), and rabbit anti-oligodendrocyte transcription factor 2 (Olig2, 

1:300, Millipore). The following secondary antibodies were used: Alexa Fluor 488, 594, or 

647-conjugated IgG (1:500 or 1:600; Jackson Immuno) and Alexa Fluor 555 (1:500, 

Abcam). Cell death was assessed by a terminal deoxynucleotidyl transferase-mediated dUTP 

nick end labeling (TUNEL, Cell Death Detection Kit, Roche) assay. Confocal microscopy 

was used to confirm co-localization of BrdU and cell type-specific markers using an 

Olympus FV1000 laser scanning confocal microscope and Olympus Fluoview imaging 

software (Center Valley, PA, USA). The Cell Counter plug-in on Fiji software (Schindelin et 

al., 2012) was used for cell count analyses of the lateral striatum, averaged across two 

sections per animal with 100 μm spacing between.

Neurobehavioral Testing

Stroke is commonly associated with sensory and motor deficits, including loss of 

coordination and partial paralysis (Mercier et al., 2001), and a leading goal of stroke 

treatment is the restoration of behavioral function to patients. Investigation of 

neurobehavioral recovery in juvenile compared to adult mice following cerebral ischemia 

will help to determine the functional significance of neurogenesis in enhanced post-stroke 

outcomes. Damage to the forelimb region of sensorimotor cortex causes deficits in limb and 

motor function that can be assessed with simple tasks that are not affected by repeated 

testing, do not require training or aversive motivation, and have been validated in unilateral 

models of stroke in rodents measuring post-ischemic recovery of function (Bland et al., 

2000, Schallert et al., 2000, Hua et al., 2002, Zhang et al., 2002, Woodlee et al., 2005, 

Schaar et al., 2010). Multiple measures were chosen to evaluate different aspects of motor 

and sensory responses, which may have been undetected by a single test. Behavioral 

assessment was performed by a blinded investigator, and included a battery of tests (Table 1) 

measured at baseline, 7d and 30d following MCAo in juvenile, adult, and sham-operated 

controls.

General Motor and Limb Use Asymmetry Measures

Forelimb Placing—The vibrissae-elicited forelimb placing test is commonly used to 

assess deficits in visual placing and limb use asymmetry following stroke, damage to the 
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motor system will elicit forelimb placing impairments (Markgraf et al., 1992, Schallert et al., 

2000, Hua et al., 2002, Woodlee et al., 2005).

Spontaneous Forelimb Use—The use of the forelimbs was assessed in freely moving 

mice during exploratory activity in a clear, Plexiglas cube (20 × 20 × 20 cm) for 3 min to 

assess walking score, general limb use, and limb neglect after stroke (Burkey et al., 1996, 

Bland et al., 2000, Bland et al., 2001).

Toe Spread: This test has been used to detect impairments in gross motor function (Nitz et 

al., 1986, Brenneis et al., 2013).

Composite Score – a general measure of overall stroke-induced motor function impairment, 

highly correlated tests (r = 0.812–0.964) were combined (equally weighted, scores ranged 

from 0–100%) to form a motor construct across different aspects of limb use, motor 

response, and visual/vestibular function.

Corner Test: The corner test is commonly used to assess sensory-motor deficits and 

postural asymmetry in rodent models of stroke, and has sensitivity in detecting sensory-

motor symmetry impairments at early and late time points post-ischemia (Zhang et al., 2002, 

Balkaya et al., 2013).

Open Field: This task was used to assess gross motor and exploratory locomotive behavior 

(Brooks and Dunnett, 2009, Seibenhener and Wooten, 2015).

Catalepsy Grid Test: Characterized by a tendency to maintain postures and rigidity of the 

body, catalepsy can occur after stroke (Saposnik et al., 1999), which could confound other 

behavioral measures.

Irradiation—In order to investigate the possible role of juvenile neurogenesis on enhanced 

post-stroke behavioral outcomes, we arrested neurogenesis in MCAo-injured juveniles with 

ionizing irradiation and assessed neuromotor outcomes at the following time points after 

irradiation: post-irradiation baseline, MCAo+irradiation 7d, and MCAo+irradiation 30d. A 

γ-emitting irradiator was used to arrest neurogenesis in juvenile mice at PN15. Following a 

3d recovery, baseline behavioral testing was conducted at PN18, then MCAo was delivered 

at PN20–25. We performed whole body irradiation, delivered in a single dose (5Gy), based 

on minimum radiation exposure dosages reported for peak reductions in proliferating SVZ 

cells and immature neurons in a comprehensive dose-response investigation of adult 

neurogenesis (Mizumatsu et al., 2003). Irradiation was performed at the University of 

Colorado, using a γ-emitting irradiator, which allows for deep tissue irradiations with 

remarkable accuracy.

Statistics

All molecular and behavioral analyses were performed by a blinded investigator. For percent 

expression and mean cell counts, independent samples t-tests were utilized to assess 

differences in the injured striatum of the juvenile versus adult brain at 24hr, 7d, and 30d 

post- ischemia. One-way ANOVAs were used to compare the ipsilateral versus contralateral 
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striatum of the juvenile versus adult brain at 24hr, 7d, and 30d post-ischemia. A mixed-

design ANOVA (between-subjects factor: surgical group and within-subjects factor: time) 

and simple main effects analysis with Bonferroni correction was used to assess differences 

in behavioral scores of MCAo versus sham mice at baseline, 7d, and 30d post-injury. A 

repeated-measures ANOVA with Bonferroni correction for multiple comparisons was used 

to compare differences in behavioral scores of juvenile MCAo+Irradiation mice across 

baseline, 7d, and 30d post-injury. Data was analyzed with IBM SPSS Statistics (Armonk, 

NY) and differences with a p-value of <0.05 were considered significant; data represent 

mean ± SEM.

Results

Equivalent Injury at Acute Time Points

At 24hr following stroke, equivalent injury was found in the injured striatum of MCAo-

injured juvenile and adult mice. No differences (p=0.254) were found in cell death (total 

TUNEL+ cells, marker of apoptotic signaling cascades) between juvenile 206±41 and adult 

270±33 (Fig 1, A–D), neuronal loss (NeuN+ cells, p=0.743) between juvenile 314±35 and 

adult 337±59 (Fig 1, A–D), or neuronal cell death (%NeuN+/TUNEL+, p=0.943) between 

juvenile 59.6±15.1% and adult 60.9±9.5% (Fig 1, C and E) mice. The contralateral 

hemisphere of both MCAo-injured juvenile and adult mice had fewer TUNEL+ (p<0.001) 

and NeuN+/TUNEL+ cells (p<0.001), and more NeuN+ cells (p<0.001) compared to the 

injured, ipsilateral hemisphere.

Newborn Neuron Survival and Replacement in Juveniles at Chronic Time Points

In contrast to equivalent neuronal loss and comparable production of newborn neurons in 

juvenile and adult mice at acute time points, at 30d post-ischemia we discovered striking 

differences between groups (Fig 2, A–E). Incredibly, neurons lost after ischemia appear to 

be replaced in the juvenile brain (Fig 2, A and C), but not in adults (Fig 2, B and D). The 

total number of mature neurons (NeuN+, Fig 2D) was greater (p=0.003) in the injured 

striatum of juvenile 239±45 mice compared to adults 42±9, and juveniles had more 

36.9±4.8% mature newborn neurons (NeuN+/BrdU+, Fig 2E) than adults 9.4±5.5% 

(p=0.003); revealing a marked increase at P30 in newborn neurons that migrated, matured, 

and replaced those lost in the injured juvenile striatum compared to adult. The ipsilateral 

hemisphere of both MCAo-injured juvenile and adult mice had more DCX+ cells (<0.001) 

and fewer NeuN+ cells (p<0.001) compared to the non-injured contralateral hemisphere. 

There was a higher percentage of co-localized NeuN+/BrdU+ cells (p<0.001) found in the 

ipsilateral hemisphere compared to contralateral, but post-hoc analysis revealed that only 

juveniles had a higher percentage of NeuN+/BrdU+ cells (p<0.001) in the injured 

hemisphere over non-injured, while co-localization in adults did not differ between 

hemispheres (p=0.343).

MSN Differentiation and Replacement

To determine if newborn neurons were region-specific medium spiny neurons (MSN), co-

labeling of COUP-TF-interacting protein 2 (Ctip2, marker of MSNs) and BrdU was assessed 

(Fig 3, A–E). At 30d post-ischemia there were more mature neurons 219±38 (p=0.002) and 
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MSNs 196±54 (p=0.014) in the injured hemisphere of the juvenile brain (Fig 3D) compared 

to adult (24±44 and 23±62, respectively). There were also more (=0.030) newly generated 

MSNs (Ctip2+/BrdU+, Fig 3E) found in the injured hemisphere of juveniles 25.8±6.4% 

compared to adult 5.1±6.9% at 30d post-stroke. Mature newborn neurons (NeuN+/BrdU+) 

were also increased (p=0.038) in the ipsilateral hemisphere of juveniles 32.6±7.5% (Fig 3E) 

compared to adult 7.1±8.0%, verifying earlier findings (Fig 2). The contralateral hemisphere 

of both MCAo-injured juvenile and adult mice had more Ctip2+ (p<0.001) and NeuN+ cells 

(p<0.001) compared to the injured hemisphere. A higher percentage of co-localized Ctip2+/

BrdU+ cells (p=0.003) and NeuN+/BrdU+ cells (p=0.001) was found in the ipsilateral 

hemisphere compared to contralateral, but post-hoc analysis revealed that only juveniles had 

a significantly higher percentage of Ctip2+/BrdU+ cells (p=0.002) and NeuN+/BrdU+ cells 

(p=0.002) in the injured hemisphere compared to non-injured, while co-localization in adults 

did not differ between hemispheres (p=0.989 and p=0.959, respectively).

Distribution of Striatal Neuron Types

Striatal cell types were examined using markers for GABAergic (Parvalbumin, PV) and 

Cholinergic (choline acetyltransferase, ChAT) interneurons, and the MSN marker Ctip2. At 

30d post-ischemia there were more (p=0.014) MSNs in the injured hemisphere of the 

juvenile brain 184.8±12.2 (Fig 4D) compared to adult 44.7±14.5. Findings showed a normal 

distribution of MSNs 92.2±2.7% in ipsilateral striatum of juvenile mice at 30d post-ischemia 

(Fig 4, A–E). This is consistent with reports of healthy striatum, which has approximately 

90–95% MSNs and 5–10% GABAergic and Cholinergic interneurons (Arlotta et al., 2008). 

Given the extensive tissue damage sustained from ischemia, the distribution data in adult 

mice was not very meaningful. In spite of the distribution data and neuronal repopulation of 

damaged brain regions, it could be argued that BrdU is labeling DNA repair in post-mitotic 

neurons or aberrant cell cycle reentry rather than neurogenesis (Cooper-Kuhn and Kuhn, 

2002, Kuan et al., 2004), so we performed additional staining with BrdU and TUNEL. We 

did not find significant co-localization of BrdU+/TUNEL+ cells at 24hr and 7d post-injury 

(data not shown), indicating that DNA repair does not account for BrdU+ cells found 

following stroke. In order to further examine the cellular environment, an additional assay 

was performed including BrdU, GFAP (marker of astrocytes), and Olig2 (lineage marker of 

oligodendrocytes) to assess glial cell differentiation. Results did not reveal significant co-

labeling of either BrdU+/GFAP+ cells or BrdU+/Olig2+ cells (data not shown), indicating 

that most newly generated cells in the injured striatum were neurons.

Neurobehavioral Outcomes

The analysis revealed significant reductions in use of the affected limb, motor coordination, 

and general motor functioning for MCAo-injured adults and juveniles at 7d post-injury, with 

only the juveniles returning to near baseline levels on most tasks by 30d. Sham-operated 

controls showed no neurological deficits or changes in behavior from baseline and are not 

included in the respective figures. There were no significant differences between stroke and 

sham-operated groups on the catalepsy grid task (p=0.512), or measures of horizontal 

locomotion: distance traveled (p=0.099) and speed (p=0.103) in the open field across time 

points, indicating that MCAo-injured mice did not have impaired ability to initiate 

movement or in locomotion, which may confound other behavioral measures.
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On the forelimb placing task (Fig 5A), we found reductions (p=0.002) in the ability to place 

the affected limb for both adult 19.2±5.9% (p=0.006) and juvenile 25.8±5.5% (p<0.001) 

stroke-injured mice at 7d post-injury compared to baseline. However, by the 30d, 

impairment in adults 15.4±3.0% (p<0.001) continued, while juveniles demonstrated no 

deficits and had returned to baseline levels of functioning (p=1.000). Comparison of 7d and 

30d in MCAo-injured adults and juvenile mice revealed no differences in forelimb placing 

deficits between groups at 7d post-injury (p=1.000), but at 30d, juveniles had greater 

recovery of limb placing compared to adults (p=0.003). Forelimb placing in MCAo-injured 

adult mice did not differ between 7d and 30d time points post-ischemia, while juveniles had 

recovery of placing in the affected forelimb from 7d to 30d (p=0.000). Further, at 30d 

following stroke, only adult MCAo-injured mice significantly differed from sham-operated 

controls (p=0.008), while juveniles had returned to similar levels of placing as sham-

operated controls (p=1.000). On the forelimb limb use task (Fig 5B) we found reductions in 

limb use (p=0.006), adult 14.6±2.9% (p<0.001) and juvenile 9.7±2.7% (p=0.003) MCAo-

injured mice used the affected, contralateral forelimb less at 7d compared to baseline. 

However, at 30d post-injury only the MCAo-injured adult mice 12.3±1.8% (p=0.000) had 

continued deficits in limb use, while juveniles no longer differed from baseline limb 

function 2.7±1.7% (p=0.345). At 30d only adult MCAo-injured mice significantly differed 

from sham-operated controls (p=0.000), while MCA0-injured juveniles displayed recovery 

of forelimb function (p=1.000). The composite score showed the same stroke-induced 

deficits at 7 days in both juvenile and adult mice that improved only in the juveniles, with no 

improvement in stroke-induced deficits observed in the adults (Fig 5C). Finally, figure 5D 

shows unilateral postural bias using the corner task in both juvenile and adults that recovers 

specifically in the juvenile mice 30 d after recovery from MCAO.

Irradiation

On the forelimb placing task (Fig 6A), we discovered that juvenile MCAo-injured

+irradiation mice displayed reductions in the ability to place the affected forelimb at both 7d 

and 30d. We found decreased (p=0.001) use of the affected forelimb in juvenile MCAo-

injured+irradiation mice (Fig 6B), at 7d post-injury+irradiation 15.0±4.2% (p=0.013) and 

30d post-injury+irradiation 13.0±3.8% (p=0.014), demonstrating prolonged deficits in limb 

us compared to the recovery found at 30d in MCAo-nonirradiated, mice (p=1.000). 

Similarly, there was no recovery of behavioral function (composite score or corner task) 

found between the 7d and 30d time points (Fig 6D).

Irradiation and newborn neuron maturation and survival

Following irradiation newborn neurons failed to mature and survive in the injured striatum 

of juveniles. At 30d post-ischemia, irradiated mice had no significant differences (p=0.839) 

between ipsilateral and contralateral hemispheres (Fig 6E–F) in the percentage newly 

generated MSNs (BrdU+/Ctip2+, 2.8±2.0%, ipsilateral and 1.7%±1.8, contralateral) or 

mature newborn neurons (BrdU+/NeuN+, 3.9±2.2% ipsilateral and 1.8%±1.8, contralateral). 

This is in sharp contrast to our earlier findings in MCAo-nonirradiated mice Fig 3E (25.8%, 

BrdU+/Ctip2+ and 32.6%, BrdU+/NeuN+), revealing that irradiation at 5Gy was sufficient 

to arrest neurogenesis in juveniles.
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Discussion

Targeting neurogenesis to promote neuronal replacement and endogenous regenerative brain 

repair has long been intriguing, but the low survival rate of newborn neurons has left doubt 

about the therapeutic potential of neurogenesis. It has been widely accepted that our brains 

are not capable of significant self-repair and regeneration because most injury-induced 

newborn neurons die within 4 weeks of birth, lacking the ability to repair tissue and 

repopulate areas of damage (Zhao et al., 2008). Our findings show that juvenile brain 

appears to be capable of self-repair, as we observe a remarkable neuronal repopulation of the 

juvenile striatum that is coupled with improved behavioral outcomes after stroke that we do 

not observe in adults, providing strong evidence for enhanced neurogenesis and neuronal 

replacement following stroke in the injured juvenile brain.

From a clinical perspective, it is remarkable that newborn neurons migrate to the site of 

injury and repopulate areas where neurons have died. These observations not only increase 

our understanding of post-ischemic regeneration, but provide an opportunity to examine 

neuronal replacement following juvenile stroke as a novel therapeutic target for endogenous 

brain repair and recovery. These cells migrate, differentiate, and appear to replace the 

primary neurons lost following injury, region-specific medium spiny neurons, demonstrating 

the incredible potential for stroke-induced neurogenesis in the juvenile brain. This is in stark 

contrast with the multitude of studies in adult stroke that show a robust proliferation and 

migration of newborn neurons, which fail to survive within the ischemic core and die within 

4 weeks (Jin et al., 2001, Zhang et al., 2001, Arvidsson et al., 2002, Parent et al., 2002, 

Lichtenwalner and Parent, 2006). In addition to the cellular findings, we also discovered 

differences in functional outcomes, revealing several deficits on neurobehavioral tasks that 

recovered only in the MCAo-injured juvenile mice and not adults, highlighting the role of 

neurogenesis in functional recovery after stroke. Our behavioral results provide powerful 

evidence for improved post-ischemic outcomes, with benefits seen across a variety of 

measures targeting region-specific behavioral changes. Investigating neurobehavioral 

deficits and potential mechanisms of repair in animal models of stroke is critical for 

developing translational applications that could promote improved recovery of function after 

injury. Following stroke that affects unilateral upper extremity function, humans tend to rely 

on their less-affected limb, which often undermines their ability to regain function in the 

affected limb (Taub et al., 2006). We found impairments on several measures of limb-use 

function in the affected limb of both juveniles and adults at 7d post-injury; however, we only 

found recovery of function in MCAo-injured juvenile mice at 30d post-injury, while MCAo-

injured adults remained consistent or exhibited increased deficits at 30d. A sensorimotor 

function task (corner test) also revealed deficits in postural bias at 7d and 30d in MCAo-

injured juvenile and adult mice, with MCAo-injured juveniles showing a reduction in right 

turns across time points compared to adults, and by 30d post-ischemia MCAo-injured 

juvenile mice performing similarly to sham-operated controls.

To further investigate neurogenesis as a mechanism of neuronal replacement and recovery 

following stroke, we arrested neurogenesis using ionizing irradiation and assessed 

differences in post-ischemic behavioral recovery. Ionizing irradiation is a commonly used 

method of myeloablation in the mouse that causes breaks in the DNA double-strand of 
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mitotically active cells, and this damage leads to cell death through apoptosis and necrosis 

(Duran-Struuck and Dysko, 2009). Neurogenesis is sensitive to irradiation in a dose-

dependent fashion. Following a 5–10Gy irradiation dose, apoptosis peaks at 12hr post-

irradiation and production of new neurons is abolished at 48hr, proliferating cells are 

reduced by over 95% and immature migrating neuroblasts decreased by 55%–70% 

(Mizumatsu et al., 2003, Achanta et al., 2012). Following irradiation exposure to arrest 

hippocampal neurogenesis, memory and cognitive impairments have been reported (Raber et 

al., 2004, Rola et al., 2004, Raber et al., 2011, Olsen et al., 2017), and following irradiation

+brain injury (Rosi et al., 2012, Allen et al., 2014). While less is known about effects of 

irradiation on motor functioning, we found that irradiation alone was well tolerated in mice 

and associated with loss of recovery, similar to previous reports. When we arrested 

neurogenesis in MCAo-injured juveniles with a single dose (5Gy) of ionizing irradiation, 

newborn neurons failed to mature and survive in the injured striatum of juveniles at 30d 

post-ischemia, and the behavioral recovery previously found at 30d was lost. In addition to 

diminished newborn neuron survival, irradiated juvenile mice had deficits on most tasks at 

7d after stroke. However, in stark contrast to non-irradiated mice, there was continued 

impairment at 30d with no recovery observed at chronic time points. The irradiation findings 

implicate juvenile neurogenesis and endogenous neuronal renewal in functional recovery 

after stroke, supported by recovery of behavioral function only in non-irradiated MCAo-

injured juvenile mice.

While the mechanisms underlying juvenile neurogenesis remain to be elucidated, it is 

evident that differences exist between the juvenile and adult brain, with the juvenile 

environment supporting neuronal survival. These findings support our previous observations 

of glial and white matter responses using this same model of ischemic stroke, which 

revealed very different glial responses and pathological sequelae after MCAo in juvenile and 

adult mice (Ahrendsen et al., 2016). In this study, equivalent cell death, neuronal loss, and 

diffuse astrogliosis were seen in the striatum of both groups at early time points following 

stroke (24hr, 3d, and 7d); however, oligodendrocyte progenitor cells, mature 

oligodendrocytes, and myelinated axons were spared in juveniles while significant decreases 

were found in adults. At 30d post-ischemia, dramatic differences in tissue damage were 

observed between juveniles and adults, with long-term preservation of brain parenchyma 

only observed in juvenile mice. Adults had severe axon pathology, ultrastructural damage, 

demyelination, glial scar formation, and major loss of striatal and cortical tissue compared to 

the juvenile brain, which had remarkable resistance to ischemic injury with no glial scarring 

and preservation of all major brain regions. These findings further define the unique 

environment that results in enhanced repair and recovery in the juvenile brain compared to 

adult.

That newborn neurons survive and repopulate stroke-damaged brain regions, and contribute 

to improved behavioral outcomes, is an innovative finding that supports the role of juvenile 

neurogenesis in neuronal replacement and enhanced functional recovery following ischemic 

stroke. Such studies are essential for understanding the role of neurogenesis as an intrinsic 

mechanism of brain repair and recover. Newborn neuron production, maturation, survival, 

and replacement in the developing brain has exciting implications for promoting post-stroke 

neurogenesis and functional recovery in adults and children alike.
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Highlights

• Juvenile neurogenesis and neuronal replacement following cerebral ischemia.

• Newborn cells found in adult mice post-ischemia, but most failed to reach 

maturity.

• Enhanced motor recovery accompanied molecular results only in juveniles.

• Neurogenesis arrested with irradiation and motor recovery in juveniles 

reversed.

• New insights into mechanisms of post-ischemic regeneration, repair, and 

recovery.
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Figure 1. Equivalent injury following ischemic stroke
(A–B) Representative images of FOV for analysis of TUNEL+ (green) and NeuN+ (red) 

cells, showing equivalent cell death and neuronal loss in the injured striatum of juvenile and 

adult mice at 24hr post-ischemia, compared to uninjured (contralateral) striatum. (C) 

Representative images at 100x magnification. (D) Comparable cell death (TUNEL+), neuron 

loss (NeuN+), and (E) neuronal cell death (NeuN+/TUNEL+) were found in the injured 

striatum of both groups. Data represent mean ± SEM, scale (A–B) = 100 μm, and scale (C) = 

10 μm.
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Figure 2. Neuronal replacement after ischemic stroke
(A–B) Representative images of FOV for analysis of BrdU+ (green), NeuN+ (red), and DCX 

(blue), showing neuronal replacement in juvenile mice, but not adult at 30d following stroke. 

(C) Representative images of lateral striatum at 100x magnification. (D) Juveniles had more 

mature neurons in the injured striatum compared to adult. (E) A marked increase in neuronal 

replacement in the juvenile brain, compared to adult. Data represent mean ± SEM, scale (A–

B) = 100 μm, and scale (C) = 10 μm.
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Figure 3. MSNs after ischemic stroke
(A–B) Representative images of FOV for analysis of BrdU+ (green), Ctip2+ (blue), and 

NeuN+ (red), showing that newborn neurons differentiate into region-specific MSNs in 

juveniles, but not adults 30d post-ischemia. (C) Representative images of lateral striatum at 

100x magnification. (D–E) Juvenile mice had more MSNs overall, and more newborn MSNs 

than adults. Data represent mean ± SEM, scale (A–B) = 100 μm, and scale (C) = 10 μm.
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Figure 4. MSN distribution after ischemic stroke
(A–B) Representative images of FOV for analysis of Ctip2+ (blue), ChAT+ (green), and 

Parvalbumin+ (red), showing striatal cells in juveniles and adults. (C) Representative images 

at 100x magnification. (D–E) Juvenile mice had more MSNs in the injured striatum than 

adults, and the distribution of striatal neuron types in recovering juveniles was consistent 

with reports in healthy tissue. Data represent mean ± SEM, scale (A–B) = 100 μm, and scale 

(C) = 10 μm.
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Figure 5. Neurobehavioral outcomes after ischemic stroke
(A–B) Forelimb placing and spontaneous limb use, showing deficits in contralateral placing 

and limb use responses in both stroke groups at 7d post-ischemia; however, by 30d only the 

juvenile mice had returned to baseline levels, while adult mice showed continued 

impairment. (C) Composite score of overall impairment of the affected limb and general 

motor response measures, showing reduced limb function at 7d post-injury and recovery of 

functioning at 30d only in juvenile mice. (D) The corner test detected postural bias in both 

MCAo-injured adult and juvenile mice between baseline and 7d, but only adult mice had 

extended functional impairments at 30d.
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Figure 6. Loss of functional recovery on neurobehavioral outcomes following irradiation
(A–B) Forelimb placing and spontaneous limb use, showing reduced contralateral placing 

responses in the MCAo+Irradiation group at 7d and 30d, with a reversal in recovery of 

function at 30d compared to non-irradiated juvenile mice. (C) On the composite measure 

MCAo+irradiation juvenile mice displayed decreased limb use and general motor 

functioning at both the 7d and 30d post-ischemic time points compared to baseline, with no 

recovery of motor function like non-irradiated mice. (D) Irradiated MCAo-injured mice had 

increased postural bias at 7d and 30d compared to baseline, showing continued deficits at 

chronic time points. (E–F) Representative images of FOV for analysis of BrdU+ (green), 

Ctip2+ (blue), and NeuN+ (red), showing that neurogenesis (Ctip2+/BrdU+ and NeuN+/

BrdU+ positive cells) was abolished in the striatum following irradiation. Data represent 

mean ± SEM, scale = 100 μm.
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Table 1

Neurobehavioral Tests

Behavioral Test Scoring References

Vibrissae-elicited forelimb 
placing test: detects 
impairments in visual placing 
and limb use asymmetry

The observed ability of ipsilateral (right) and contralateral (left) placing of the 
forepaw on top of the table was scored as: 0 = no attempt to place forepaw, 1 = 
weak attempt to place forepaw, or 2 = normal placing of forepaw. Scores were 
averaged across four consecutive trials of each limb and converted to percent 
placing.

Markgraf et al., 1992; 
Schallert et al., 2000; 
Hua et al., 2002; 
Woodlee et al., 2005

Spontaneous forelimb use: 
used to assess walking score, 
general limb use, and limb 
neglect

The observed use of ipsilateral and contralateral forelimbs and hindlimbs, were 
scored and averaged as: 0 = no movement of limb; 1 = barely perceptible 
movement of limb; 2 = movement, but limb does not support weight; 3 = limb 
supports weight and animal takes a few steps; 4 = animal walks with mild paresis; 5 
= normal limb use, no detectable deficits. Scores were averaged across four 
consecutive trials of each limb and converted to percentage limb use.

Burkey et al., 1996; 
Bland et al., 2000; 
Bland et al., 2001

Toe Spread: used to assess 
gross motor function

Mice were elevated by the tail and the amount of toe spread observed in ipsilateral 
and contralateral forelimbs and hindlimbs were scored as: 0 = no spreading; 1 = 
intermediate spreading; 2 = sustained spreading of all toes. Scores were averaged 
across four consecutive trials of each limb and converted to percent toe spread.

Nitz et al., 1986; 
Brenneis et al., 2013

Catalepsy Grid Test: used to 
assess rigid/cataleptic body 
postures

A wire grid 28 × 14 cm was tilted at a 45°angle inside a testing chamber and mice 
were placed on the grid facing down. The time before mice begin to move 
downward or turn and face upward (negative geotaxis) on the grid was recorded in 
seconds across a 2 min observation period.

Fuenmayor and Vogt, 
1979; Saposnik et al., 
1999

Open Field Test: used to 
assess gross motor and 
exploratory locomotive 
behavior

Open field locomotor activity was assessed for 15 minutes in a circular open field 
(60 cm arena diameter, 30 cm wall height). Horizontal locomotion data was 
obtained with ANY-maze automated tracking software (Stoelting, Wood Dale, IL), 
total distance traveled and speed were recorded during spontaneous exploration.

Brooks and Dunnett, 
2009; Seibenhener and 
Wooten, 2015

Corner Test: used to assess 
sensory- motor deficits and 
postural asymmetry

Mice were placed in a Plexiglas chamber, with two walls (30 × 20 × 1 cm3), 
attached at a 30°angle with an opening along the joint to encourage corner entry. 
When vibrissae are stimulated upon entry into the corner, mice would rear along 
the wall and exit the corner, turning either right or left. Non-ischemic mice turn 
either left or right, but ischemic mice preferentially turn toward the non-impaired, 
ipsilateral (right) side. The number of left and right turns was recorded for 10 trials 
and score was calculated as percentage of right turns; turns in the absence of 
vertical rearing were not scored.

Zhang et al., 2002; 
Balkaya et al., 2013
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