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ABSTRACT 

 

Therapeutic potential of astrocytes via in vivo expression of  

reprogramming factor in mouse models of cerebral ischemia 

 

Jung Hwa Seo 
 

Department of Medical Science 

The Graduate School, Yonsei University 

 

(Directed by Professor Sung-Rae Cho) 

 

Cerebral ischemia and stroke can lead incurable brain damage or death. 

Astrocytes, one of the most abundant cells in the brain, are activated by injury 

such as ischemia. Reactive astrocytes, in particular, play a crucial role in recovery 

from brain injury. Four reprogramming factors (Pou5f1, Sox2, Myc, and Klf4) 

expression have been used to convert cell types, but it has rarely been studied 

promoting functional recovery by expression of reprogramming factors in 

ischemic injury. The aim of this study is therefore to determine whether in vivo 

transient expression of reprogramming factor can improve neurobehavioral 

function.  

Cerebral ischemia was induced by two methods—transient bilateral common 

carotid artery occlusion (BCCAO) and permanent unilateral common carotid 

artery ligation with hypoxia (8% O2)—after which brains were treated (in the 

lateral ventricle or striatum) with doxycycline (DOX) in transgenic mice in which 
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the four reprogramming factors were expressed by doxycycline. Either 

doxycycline (DOX-1; 1 μg/ml, DOX-100; 100 μg/ml) or phosphate-buffered 

saline (PBS) was then infused into the brain via an osmotic pump for 7 days. 

In the BCCAO model, histologic evaluation showed that this transient 

expression of reprogramming factor induced the proliferation of astrocytes and 

neural progenitors, while neurons and glial scar formation was not observed. 

Furthermore, in vivo expression of reprogramming factor caused neuroprotective 

effects and angiogenesis in the striatum. Tumor formation was not observed in 

any group. Importantly, the rotarod and ladder walking tests showed to promote 

functional restoration from ischemic damage via the expression of the four 

reprogramming factors. To elucidate the therapeutic mechanisms associated with 

astrogliosis, RNA sequencing analysis was performed in order to identify a 

transcriptome that was significantly changed in the DOX-100 group compared to 

PBS group. Among downregulated genes (complement C3, C4a, C4b, C1qa, 

C1qb and C1qc) and astrocyte markers (GFAP, Vimentin and S100β) were 

validated using qRT-PCR. Because C3 is a detrimental astrocyte marker, C3 in 

particular was measured using histologic analysis. The results showed that C3 

was significantly reduced in DOX-100 treated mice compared with the DOX-1 

and PBS groups.  

A hypoxic-ischemic (HI) model, a stroke model used in another experimental 

group, was used to compare efficacy of reprogrammed expression in two areas of 

the brain, the ventricle and striatum.  That results showed that the astrocytes and 

neural progenitors were significantly proliferated, but not neurons or glial scar, 

and the condition of blood vessels in the injured brain was improved following in 

vivo reprogramming factor expression. Furthermore, in vivo reprogramming 

factor expression was protective of neurons under hypoxic ischemic conditions. 

Notably, neurobehavioral evaluations such as the grip strength, cylinder, ladder 

walking and open field tests showed functional recovery was dramatically 

improved via the expression of the four reprogramming factors in the lateral 
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ventricle. Interestingly, the expression of the reprogramming factors in the 

striatum did not lead to changes in neurological function in any group. In the 

rotarod test, there were no significant differences in both the lateral ventricular-

targeted and striatum-targeted group. Tumor development was not observed in 

the lateral ventricle-targeted group, but the striatum-targeted group showed that 

abnormal cell proliferation in DOX-100 treated mice brain. Furthermore, 

treatment with DOX-1,000 (doxycycline; 1,000 μg/ml) lead to tumor formation 

in the striatum-targeted group. 

Taken together, newly generated astrocytes are essential for protecting neurons 

from damage following cerebral ischemia (BCCAO and HI mouse model) and 

for enhancing blood vessels. These results show that a therapeutic potential of 

methods that aim to improve functional recovery by reducing reactive astrocytes 

(harmful A1 astrocytes) in BCCAO mouse models. In the HI mouse model, we 

noted a recovery effect in the group in which the lateral ventricle was targeted 

with the expression of reprogramming factors, but not in the striatum-targeted 

group. Therefore, targeting the lateral ventricle for expression of reprogramming 

factors may offer better therapeutic results. 
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I. INTRODUCTION  

 

1. Cerebral ischemia models 

A. Bilateral common carotid artery occlusion (BCCAO) mouse model 

Transient global cerebral ischemia has been caused by 2-vessel-occlusion  

rodent models.1,2 This 2-vessel-occlusion model is another name for bilateral 

carotid artery occlusion (BCCAO), which is one of the ischemic stroke models. 

Transient ischemic insult leads to selective damage in different brain regions 

according to ischemic time. Hippocampal damage has been induced by an 

ischemic duration of 3~10 minutes, and after 20~30 minutes under ischemic 

conditions, damage can be observed in the form of neuronal death in the striatum 

and cortex in rodent models.3,4 Transient BCCAO models are able to create mild 

brain injury via easy surgical methods, there is also an additional advantage in 

terms of survival rate. Induction of global cerebral ischemia on both sides of brain 
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has been shown to lead to behavioral motor deficits associated with grip power,5 

so this model is considered to be appropriate for the investigation of motor 

function.  

 

B. Hypoxic-ischemic (HI) stroke mouse model 

Stroke is the most common disease causing long-term damage in lifetime, and 

hypoxic-ischemic stroke is a well-known stroke model that can be quickly 

established in rodent models using simple surgical skills.6,7 Hypoxic 

environments lead to coagulation on the ipsilateral side of the brain after 

permanent ligation of the common carotid artery. Hypoxic-ischemic (HI) stroke 

models create damage in the cortex, hippocampus, and striatum, while the other 

side was only affected by the hypoxia condition.6,8 Importantly, HI models create 

neurological impairments that are similar to those seen in human stroke.6 

Therefore, the hypoxic-ischemic stroke model is a well-established rodent model 

that may show asymmetrical behaviors. 

 

2. Restorative therapy in brain disease 

  Restoration or regeneration of damaged tissue is important for recovery of 

neurobehavioral function from injury or disease.9 The brain deficits capacity of 

restoration, including injured brain tissues often leads to semi-permanent 

functional impairment, in comparison with other organs. Under impaired 

environment, endogenous cell sources are not sufficient for functional recovery 

induced via proliferative generation in the brain. therefore, supplementation of 

other cell types, such as mesenchymal stem cells from adult tissues and neural 

stem cells, may help recovery. 

To overcome this limitation, stem cell grafts have been used experimentally to 

replace damaged cells. Indeed, intravenous injection of bone marrow 

mononuclear cells can reduce infarct size and improve functions, and 

intracerebral transplantation of bone marrow stromal cells lead to differentiate 
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into penotypic neural cells and recovery motor function in cerebral ischemia rat 

model.10,11 Delcroix and colleagues showed that neural stem cells NSCs onto a 

polymer scaffold can promote brain tissue regeneration in hypoxic ischemic 

mice.12 However, the engraftment of cell transplantation is often limited in both 

survival and differentiation control of grafted cells.13 And generated neural cells 

from grafted cells are not sufficient leading to recovery neuronal functions in 

stroke.14 Furthermore, there are some concerns in safety and efficacy after cell 

injections that allogenic or xenogeneic cells can be rejected by the immune 

system or tumor development.9,15  

Another form of therapy supplies neurotrophic factors to aid recovery. Previous 

study has shown that supply of exogenous humoral factors such as epidermal 

growth factor (EGF) and brain-derived neurotrophic factor (BDNF) enhanced 

functional recovery via newly generated neurons in neonatal hypoxic ischemic 

brain injury.9,16 In Huntington’s disease model, adenoviral vector mediated 

delivery of BDNF and noggin into the lateral ventricle led to striatal regeneration 

and functional recovery.17,18 However, stimulation of endogenous cells leading to 

robust neurobehavioral restoration via these humoral factors are restricted in the 

cells without receptors for these factors.9 

   

3. In vitro and in vivo reprogramming  

Induction of pluripotent stem cells using four reprogamming-associated 

transcription factors—Pou5f1 (octamer-binding protein, Oct4), Sox2 (SRY-box 

containing gene 2), Myc (c-myelocytomatosis oncogene, c-myc), and Klf4 

(Kruppel-like factor 4)—has been first reported by Yamanaka’s group.19 Since 

then, many studies have shown direct conversion that transient expression of 

reprogramming factors to induce specific cell type undergo conversion into other 

lineages.9,20-22 Recent study showed that transient acquisition of pluripotent status 

by reprogramming factors can induce lineage conversion into cardiomyocytes of 

neural stem cells.9,23 
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Direct lineage conversion using defined reprogramming factors--from fibroblast 

into neurons and neural progenitors--has been studied for consider practical 

applications without going through pluripotent status.9,24,25 Vierbuchen and 

Wernig demonstrated that disease modeling and therapy of cell replacement 

could be provided by direct conversion.9,26 Indeed, in vitro CNS disease modeling 

was reproduced the disease by direct conversion.9,27,28 This will be an important 

process for understanding reason of the disease and for seeking therapy. Also, in 

vivo direct reprogramming shown that glial cells and transplanted fibroblasts has 

been converted into neuronal lineage cells in vivo.29-31 These findings suggest that 

direct conversion using reprogramming factor can attribute to alterative approach 

for replacement instead of injured neurons.  

 

4. Regeneration and proliferation via reprogramming factors 

One of the earliest noticeable responses of cells that are exposed to forced 

expression of the four reprogramming factors is enhanced cell proliferation, 

which can be observed as early as 24 hours after induction of this expression.9,32 

This enhanced proliferative generation is associated with the regulation genes of 

cell proliferation.33 In addition, Myc promotes neovascularization34 that is an 

essential process for recovery from brain injury induced by ischemia. Lights of 

this observation, in vivo transient expression of reprogramming factors can be 

therapeutic potential in ischemic injury trough endogenous cell proliferation and 

differentiation. 

 

5. Astrocyte response to brain injury  

Astrocytes are abundant glial cells found in the central nervous system (CNS), 

where they serve important functions such as releasing neurotrophic factors for 

neurons, supporting synaptogenesis, pruning synapses, and maintaining 

homeostasis.35-41 
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CNS injury, including focal ischemic stroke, neurodegenerative disease, and 

CNS trauma, induces a heterogenous population of reactive astrocytes (activated 

astrocytes).35-37,42,43 The induction of reactive astrocytes is accompanied by 

changes in cell morphology, proliferation, gene expression, and glial scar 

formation under pathologic conditions.36 

Recently, it has been found that reactive astrocytes can be classified into two 

different types, ‘‘A1s’’ and ‘‘A2s’’, induced by neuroinflammation and 

ischemia.44 Studies have suggested that A1s (inflammatory reactive astrocytes) 

are induced by NFkB signaling,37,44,45 whereas Anderson et al. have shown that 

A2s are induced by Stat3, which promotes neuronal regeneration in acute trauma 

model.42,44 Moreover, A1s might have harmful functions to destruction of synapse, 

while A2s have been shown to have beneficial effects, including the upregulation 

of neurotrophic factors to promote neurogenesis and the survival of neurons.44 

Therefore, the distinction between different kinds of reactive astrocytes (A1s or 

A2s) may contribute to the development of therapeutic interventions that promote 

neurological recovery.  

 

6.  Therapeutic target: Reactive astrocytes 

The brain tissue consists of neurons and non-neuronal cells such as astrocytes, 

microglia, oligodendrocytes, and endothelial cells. Microglia are known to 

regulate innate immunity, and astrocytes possibly play an important role in the 

immune system in CNS.35 Because glial cells are sensitive to environmental 

changes, these the regulation of these cells could play a critical role in restoring 

function after brain damage.   

Astrocytes play many important roles, including the production of trophic 

factors and metabolites for neurons; the regulation of ion balance, 

neurotransmitters, and fluid; and the formation of synapses.46,47 Astrocytes are 

reactive in many CNS disorders, changing into either neurotoxic A1s or 

protective A2s.44  
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Zamanian and colleagues have demonstrated that astrocytes respond to brain 

injuries or diseases, and their phenotype (reactive astrocyte) depends strongly on 

the type of inducing injury, such as middle cerebral artery occlusion (MCAO) or 

a systemic injection with lipopolysaccharide (LPS). LPS reactive astrocytes have 

been shown to express complements such as C1r, C1s, C3, and C4, leading to 

neuronal and synaptic loss.48,49 In contrast, reactive astrocytes induced by MCAO 

have been shown to overexpress neurotrophic factors and cytokines such as LIF, 

IL-6, thrombospondins, and CLCF1 in order to aid synapse regeneration.48,50,51 In 

one study, when C1q-deficient mice received neonatal hypoxic-ischemic brain 

injury, expression of C3 and cerebral infarct volume significantly decreased in 

C1q-/- mice compared with wild type mice.52 The TrkB receptor for BDNF is 

highly expressed in glial cells in neurological disorders.46,53 BDNF may also have 

therapeutic potential, potentially contributing to neuronal survival, axonal growth, 

and the inhibition of neurotoxicity.54,55 Moreover, because neurons are not viable 

without astrocytes, neuroprotective therapeutics should be protective of both 

neurons and astrocytes.44,56 

Therefore, a useful therapeutic approach would be to find a way to induce A2-

like astrocytes and/or inhibit A1-like astrocytes. These approaches, which protect 

or proliferate astrocytes, may lead neuroprotection in the ischemic brain. 
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7.  Aims of this study 

This study of the therapeutic potential of in vivo expression of reprogramming 

factors in mouse models of cerebral ischemia has three main goals. First, this 

study aims to determine whether in vivo transient expression of reprogramming 

factors can change endogenous neural cells and enhance functional recovery from 

ischemic brain injury. To investigate this, cerebral ischemic subjects (BCCAO 

and HI) were made to perform tests of neurobehavioral function including the 

rotarod, ladder walking, cylinder, grip strength, and openfield tests, and 

histological changes were assessed in both the subventricular zone and the 

striatum.  Second, to elucidate the mechanism by which reprogramming factors 

induce recovery of neurobehavioral function, transcriptome analysis, qRT-PCR 

for validation, and immunohistochemistry were performed. Finally, to determine 

the efficient ways of injection for neurorestoration against ischemic brain damage, 

reprogramming factor was induced in either the lateral ventricle or the striatum.   
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II. MATERIALS AND METHODS  

 

1. Mice 

The reprogrammable mice [Gt(ROSA)26Sortm1(rtTA*M2)Jae Col1a1tm3(tetO-

Pou5f1,-Sox2,-Klf4,-Myc)Jae/J], in which the four reprogramming factors Pou5f1, Sox2, 

Klf4, and Myc are expressed in the presence of doxycycline,57 were purchased 

from the Jackson Laboratory (Bar Harbor, ME, USA) (Figure 1). Control 

C57BL/6J mice were also obtained from the Jackson Laboratory. Mice were 

housed in a facility accredited by the Association for Assessment and 

Accreditation of Laboratory Animal Care (AAALAC), were given food and 

controlled climate conditions with a 12-hour light/dark cycle, and were provided 

standard food and water ad libitum. Mice of both sexes, aged 8~16 weeks, were 

used. All procedures were reviewed and approved by the Institutional Animal 

Care and Use Committee (IACUC) of the Yonsei University College of Medicine 

(permit number: 2013-0220, 2016-0070). 

 

 

 

Figure 1. Reprogrammable mice. The reprogrammable mice 

[Gt(ROSA)26Sortm1(rtTA*M2)Jae Col1a1tm3(tetO-Pou5f1,-Sox2,-Klf4,-Myc)Jae/J] are genetically 

modified mice, in which the four reprogramming factors Pou5f1, Sox2, Klf4, and 

Myc are expressed by doxycycline. 
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2. Cerebral ischemic brain injury induction in adult mice 

A. Bilateral common carotid artery occlusion (BCCAO) 

Both reprogrammable mice and C57BL/6J mice were anesthetized via 

intraperitoneal injection of ketamine (100 mg/kg) and xylazine (10 mg/kg). 

Transient cerebral ischemia was induced by bilateral common carotid artery 

occlusion (BCCAO) for 20 minutes using vascular clamps as previously 

described (Figure 2).58,59 Sham animals underwent surgical process without the 

occlusion of blood vessels. 

 

 

 
Figure 2. Bilateral common carotid artery occlusion (BCCAO) mouse model. 

Transient global cerebral ischemia has been caused by occlusion of bilateral 

carotid artery. In 8~16-week-old mice, ischemic brain damage is induced by 

bilateral common carotid artery occlusion for 20 minutes. 20 minutes of ischemic 

insult leads to neuronal death in the striatum and cortex in rodent. 
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B. Hypoxic-ischemic (HI) brain injury 

Reprogrammable mice were anesthetized by intraperitoneal injection of 

ketamine (100 mg/kg) and xylazine (10 mg/kg). First, ischemic brain injury was 

induced by permanent ligation of the right carotid artery and mice were kept in a 

warm chamber until completely awake. They were then exposed to hypoxic 

condition (8% O2 and 92% N2) for 45 minutes (Figure 3).  

 

 

 

Figure 3. Hypoxic-ischemic (HI) stroke mouse model. (A) Focal ischemia has 

been caused by permanent ligation of unilateral carotid artery and exposure to 

hypoxic condition (8% O2 and 92% N2) for 45 minutes. (B) Brain damage is 

shown using TTC strain at 1 day after hypoxic-ischemic brain damage (right side). 

TTC, 2, 3, 5-triphenyltetrazolium chloride. 
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3. Doxycycline infusion using osmotic pump in the brain  

After a recovery period, the brains of all the mice were injected with an osmotic 

pump (Figure 4A, B). In the BCCAO model, mice were continuously injected 

either with 1) DOX-1 (1 μg/ml) or DOX-100 (100 μg/ml) concentrations of 

doxycycline (No. 631311, Clontech, CA, USA) or 2) PBS (solvent control) into 

the lateral ventricle using a micro-osmotic pump (Alzet 1007D; 100 μl volume, 

Cupertino, CA, USA) at a speed of 0.5 μl/h (12 ng or 1,200 ng doxycycline/day). 

The infusion cannula (Brain Infusion Kit 3; 1-3 mm; Durect Corp., Cupertino, 

CA, USA) was inserted into the lateral ventricle using stereotaxic coordinates 

(AP + 0.3mm from Bregma; ML - 0.7 mm from Bregma; DV - 2.0 mm from 

dura).  

In the adult HI model, doxycycline was injected via two routes into the lateral 

ventricle and striatum using stereotaxic coordinates (AP + 0.4mm from Bregma; 

ML - 1.9 mm from Bregma; DV - 3.3 mm from dura). Finally, to confirm the 

effect of extremely high dose of doxycycline (high expression of reprogramming 

factors), 1,000 μg/ml of doxycycline was injected into both the lateral ventricle 

and the striatum, and the connected osmotic pump was placed in the dorsal 

subcutaneous tissue (Figure 4C, D). 
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Figure 4. Infusion of doxycycline in the brain using osmotic pump. Micro-

osmotic pump was injected into the lateral ventricle or striatum. (A, B) The 

infusion cannula was inserted using stereotaxic coordinates into the target region 

of the brain (lateral ventricle or striatum), and (C, D) the connected osmotic pump 

was placed in the dorsal subcutaneous tissue. 
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4. 5-bromo-2-deoxyuridine (BrdU) injection 

Mice used for histology evaluation were given a daily intraperitoneal injection 

of 5-bromo-2-deoxyuridine (BrdU; 50 mg/kg, Sigma-Aldrich, St. Louis, MO, 

USA) in order to track newly generated cells for 12 days, beginning after 

stereotaxic surgery. Some mice for the molecular study were examined without 

having received BrdU injection.  

 

5. Neurobehavioral assessment 

All mice were tested to determine their functional ability. In the BCCAO model, 

the rotarod and ladder walking tests were impelemented at 1, 14, and 28 days 

after surgery (Figure 5). Two additional tests—the scylinder and grip strength 

tests—were used in the adult HI model 1~3 days after the HI injury, and 14 and 

28 days after pump infusion (Figure 6).   
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Figure 5. Behavioral assessment in BCCAO mouse model. (A-C) 

Representative pictures of the rotarod test and the ladder walking test. After the 

induction of transient global cerebral ischemia, the doxycycline-inducible 

reprogrammable mice were infused with doxycycline or phosphate buffered 

saline (control buffer) into the lateral ventricle for 7 days. (A) Mice were 

subjected to the rotarod test at accelerating speed (4-80 rpm) and constant speed 

(32 rpm). (B, C) For the ladder walking test, the mice were required to walk a 

distance of 1 m three times on a horizontal ladder with unevenly spaced metal 

rungs. The number of slips from the transverse rungs with each forelimb was 

measured by videotape analysis. 
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Figure 6. Neurobehavioral evaluation in HI mouse model. (A-E) 

Representative pictures of the rotarod test, ladder-walking test, cylinder test, open 

field test and grip strength test. After the induction of hypoxic-ischemic brain 

injury, the doxycycline-inducible reprogrammable mice were infused with 

doxycycline or phosphate buffered saline (control buffer) into the lateral ventricle 

or the striatum for 7 days. (A) Mice were subjected to the rotarod test at 

accelerating speed (4-80 rpm) and constant speed (32 rpm). (B-D) For assessing 

asymmetry, the mice were performed ladder walking test and cylinder test. The 

number of impaired forelimb was measured by videotape analysis. (E) Openfield 

test was used to assess locomotor activity and anxiety behavior. (F) Grip strength 

has been expressed muscle power with peak force was automatically registered 

in gram-force by the apparatus. 
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A. Rotarod test 

The rotarod (No. 47600; UGO Basile, Comerio, VA, Italy) test was used to 

assess motor coordination and balance, using both constant speed (32 rpm) and 

accelerating speed (4~80 rpm) paradigms. The latency period before mice fell 

from the rod was measured twice during each test, and if the interval between two 

recorded scores was more than 60 seconds, rotarod duration was measured once 

more. Individual tests were terminated at a maximum latency of 300 seconds. 

 

B. Ladder walking test 

For the ladder walking test, mice were required to walk three times along a 1 m 

horizontal ladder with unevenly spaced metal rungs (Jeung Do B&P, Seoul, 

Korea). The number of slips from the transverse rungs with each forelimb was 

measured by videotape analysis. The percentage of slips on the transverse rungs 

of the ladder relative to the total number of steps taken was calculated.  

The difference (Δ) in the percentage of slips on the transverse rungs of the ladder 

relative to the total number of steps taken by the hemiplegic forelimbs compared 

to the preoperative evaluation was calculated. 

 

C. Cylinder test 

A cylinder test was performed to evaluate the functional asymmetry resulting 

from a unilateral brain lesion and consequent hemiplegia. In the cylinder test, the 

number of times each forelimb contacted the cylinder wall as the mouse reared 

on its hind limbs was evaluated over a period of 5 minutes. The percentage of 

cylinder wall contacts with the hemiplegic forelimb was determined using the 

following formula.16 

 

{# 𝑐𝑜𝑛𝑡𝑎𝑐𝑡𝑠 𝑤𝑖𝑡ℎ 𝑐𝑜𝑛𝑡𝑟𝑎𝑙𝑎𝑡𝑒𝑟𝑎𝑙 𝑙𝑖𝑚𝑏+
1

2
(# 𝑐𝑜𝑛𝑡𝑎𝑐𝑡𝑠 𝑤𝑖𝑡ℎ 𝑏𝑜𝑡ℎ 𝑙𝑖𝑚𝑏𝑠)}

# 𝑐𝑜𝑛𝑡𝑎𝑐𝑡𝑠 𝑤𝑖𝑡ℎ 𝑖𝑝𝑠𝑖𝑙𝑎𝑡𝑒𝑟𝑎𝑙 𝑙𝑖𝑚𝑏+# 𝑐𝑜𝑛𝑡𝑎𝑐𝑡𝑠 𝑤𝑖𝑡ℎ 𝑐𝑜𝑛𝑡𝑟𝑎𝑙𝑎𝑡𝑒𝑟𝑎𝑙 𝑙𝑖𝑚𝑏+# 𝑐𝑜𝑛𝑡𝑎𝑐𝑡𝑠 𝑤𝑖𝑡ℎ 𝑏𝑜𝑡ℎ 𝑙𝑖𝑚𝑏
 × 100 (%)  
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The difference (Δ) in the percentage of cylinder wall contacts by the 

contralateral limb relative to the preoperative evaluation was calculated. 

 

D. Grip strength test 

A grip strength test was performed using the SDI Grip Strength System (San 

Diego Instruments Inc., San Diego, CA, USA), which includes a push-pull strain 

gauge. A triangular piece of metal wire 2 mm in diameter was used as the grip 

bar. Each animal was held near the base of its tail and was moved in close 

proximity to the bar until the animal could grip the bar with its forepaws. Peak 

force was automatically registered in gram-force by the apparatus. The mean peak 

force of three trials was used for analysis.60   

 

E. Open field test  

Activity monitoring was conducted in a square-shaped area measuring 30 × 30 

× 30 cm. Mice were placed individually into the arena and monitored with a video 

camera.  

The apparatus was cleaned with 70% alcohol and air-dried prior to the 

commencement of each trial for every mouse. The resulting data were analyzed 

using the video tracking system Smart Vision 2.5.21 (Panlab, Barcelona, Spain).  

In the tracking system, the openfield test box is divided into 16 spaces (4 × 4). 

Four squares located in the central area, four corner squares (top-left, top-right, 

bottom-left, and bottom-right) and the remaining squares in the side were defined 

as the central zone (CZ), the corner zone (C), and the side zone (S), respectively. 

The distance of movement was assessed for 10 minutes. 

 

6. Isolation of mouse embryonic fibroblasts (MEFs) 

MEFs were isolated from 13.5-day old embryos in uteri of reprogrammable 

mice as previously described.57 Embryo bodies without the head and visceral 

tissues were isolated from the embryos which were washed with phosphate-
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buffered saline (PBS).  The bodies were minced using autoclaved scissors and 

then collected in a 15-ml tube by passing them through a syringe with a 26-gauge 

needle 3-4 times. The tube was centrifuged at 1,000 rpm for 5 minutes at 4°C. 

The minced tissues were then transferred into a new 15-ml tube with 7-8 ml PBS. 

after suctioning PBS, tissues were collected by centrifugation (1,000 rpm for 5 

minutes at 4°C) and resuspended in 7-8 ml of fresh medium (DMEM containing 

10% FBS). After centrifugation (1,000 rpm for 5 minutes at 4°C), the media were 

discarded, and resuspended tissues were seeded with 13-ml fresh medium in 75-

T flask. The flask was maintained in the culture medium until the MEFs grew up 

in the incubator (5% CO2, 37°C). 

 

7. Cell culture 

MEFs seeded at a density of 1 x 104 cells/well in 6-well plates were cultured in 

Dulbecco’s modified Eagle’s medium (DMEM; Gibco Invitrogen, Carlsbad, CA, 

USA) supplemented with 10% fetal bovine serum (FBS; Gibco Invitrogen, 

Carlsbad, CA, USA) and 1% antibiotics (penicillin streptomycin; Gibco 

Invitrogen). MEFs were treated daily with various doses of doxycycline (10, 100, 

500, 1,000 ng/ml) for 7 days and subjected to RT-PCR. 

 

8. Immunohistochemistry 

The animals were euthanized and perfused with 4% paraformaldehyde (PFA). 

The harvested brain tissues were cryosectioned at 16-μm thickness, and 

immunohistochemistry staining was performed on 4 sections over a range of 128 

µm. The sections were stained with primary antibodies against BrdU (1:200, 

Abcam, Cambridge, UK), βIII-tubulin (1:400, Covance, Princeton, NJ), GFAP 

(1:400, Abcam), Nestin (1:400, Abcam), NeuN (1:400, Millipore), CS-56 (1:200, 

Abcam), CD31 (1:200, BD Bioscience, San jose, CA), and C3 (1:100, Abcam), 

as well as with secondary antibodies such as Alexa Fluor®  488 goat anti-Rat 

(1:400, Invirogen, Carlsbad, CA), Alexa Fluor®  568 goat anti-Rabbit (1:400, 
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Invitrogen), and Alexa Fluor®  594 goat anti-Mouse (1:400, Invitrogen). The 

sections were then mounted on glass slides with a fluorescent mounting medium 

containing 4’,6- diamidino-2-phenylindole (DAPI; Vectorshield, Vector, 

Burlingame, CA). The stained sections were analyzed using confocal microscopy 

(LSM700, Zeiss, Gottingen, Germany) and the MetaMorph Imaging System 

(Molecular Device, Sunnyvale, CA). Blood vessel density was evaluated using a 

fluorescent microscope (BS51, Olympus, Tokyo, Japan) and the MetaMorph 

Imaging System. Images of glial scarring were taken using a fluorescent 

microscope (Axio Imager M2, Zeiss), and the density was evaluated using ZEN 

Imaging Software (Blue edition, Zeiss). 

 

9. 2, 3, 5-triphenyltetrazolium chloride (TTC) staining 

Infarct regions were confirmed using 2, 3, 5-triphenyltetrazolium chloride 

(Sigma) staining. At 1 day after BCCAO or HI injury, brains were sectioned into 

2.0 mm coronal sections using a mouse brain matrix. The sections were incubated 

in 2% TTC at 37°C for 20 minutes. The brain sections were washed in PBS and 

then stored in 4% PFA in a 4°C refrigerator. The sections were photographed 

with a digital camera.  

 

10. RNA extraction and cDNA synthesis 

Total RNA was extracted from the MEFs or from the tissue samples using 

Trizol (Invitrogen Life Technologies, Carlsbad, CA, USA) according to the 

manufacturers’ protocols.61 The Agilent 2100 Bioanalyzer (Agilent Technologies, 

Palo Alto, CA, USA), with an A260/A280 ratio for quality control analysis, was 

used to evaluate the purity of the RNA extracted from brain tissues. 1 μg of 

purified total RNA was used for reverse transcription into cDNA using a 

ReverTra Ace®  qPCR TR master Mix with gDNA remover (ToyoBo, Tokyo, 

Japan).  
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11. Reverse transcription-polymerase chain reaction (RT-PCR) 

cDNA was subjected to PCR using both an RT-PCR analysis kit (Bioneer, 

Daejeon, Korea) according to the manufacturer’s instructions and a Gene Amp 

PCR system 9700 (Applied Biosystems/Life Technologies, Carlsbad, CA, USA). 

The primer sequences are described in Table 1. The thermocycler conditions were 

as follows: denaturation for 1 minute at 95°C, followed by 35 cycles at 95°C for 

30 seconds, at 58°C for 30 seconds, and at 72°C for 30 seconds. PCR products 

were subjected to 1.5% agarose gel electrophoresis.  

 

Table 1. The sequences of primers for RT-PCR  

Genes Primer sequences 

Pou5fl 

(Oct4) 

Forward TCTTTCCACCAGGCCCCCGGCTC 

Reverse TGCGGGCGGACATGGGGAGATCC 

Sox2 
Forward TAGAGCTAGACTCCGGGCGATGA 

Reverse TTGCCTTAAACAAGACCACGAAA 

Gapdh 
Forward CAAGGTCATCCATGACAACTTTG 

Reverse GTCCACCACCCTGTTGCTGTAG 
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12. Quantitative real-time polymerase chain reaction (qRT-PCR)  

 1μL of cDNA in a total volume of 20 μL was used in the following reaction. 

The qRT-PCR was performed in triplicate on a LightCycler 480 (Roche Applied 

Science, Mannheim, Germany) using the LightCycler 480 SYBR Green master 

mix (Roche Applied Science). The thermocycler conditions were as follows: 

amplifications were performed beginning with a 300-second template 

preincubation step at 95°C, followed by 40 cycles at 95°C for 5 seconds, at 60°C 

for 20 seconds, and at 95°C for 15 seconds. Melting curve analysis began at 95°C 

for 15 seconds, followed by 1 minute at 60°C. The specificity of the amplification 

product was confirmed by an examination of the melting curve, which showed a 

distinct single sharp peak with the expected Tm for all samples. A distinct single 

peak indicates that a single DNA sequence was amplified during qRT-PCR. 

Glyceraldehyde-3-phosphate dehydrogenase (Gapdh) was used as an internal 

control. The expression of each gene of interest was obtained using the 2−ΔΔCt 

method. The primer sequences for qRT-PCR are described in Table 2.  
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Table 2. The sequences of primers for qRT-PCR 

Genes Primer sequences 

C3 
Forward GAGAGCGAAGAGACCATCGTA 

Reverse TGTGCCCCTCCTTATCTGAGT 

C4a 
Forward GCATGGAGCGCCTACGAA 

Reverse CTTGCCATTGCGCCAGATAC 

C4b 
Forward CACACCTTGCCCGAAACAAC 

Reverse TGCTTTTGGACAGGCTCACA 

C3ar1 
Forward TACACTGAACGCTGACGCTT 

Reverse TGGTTATTGCCATCAGCGGT 

C1qa 
Forward AAGGACTGAAGGGCGTGAAA 

Reverse CACTGCACAGATGAAGCGAC 

C1qb 
Forward AAGGCGATTCTGGGGACTAC 

Reverse GCGTGGCTCATAGTTCTCGT 

C1qc 
Forward TGGAGGGCCGATACAAACAG 

Reverse AACTTCCCTGTGCTTGGGTT 

GFAP 
Forward TTGCTGGAGGGCGAAGAAAA 

Reverse CATCCCGCATCTCCACAGTC 

Vimentin 
Forward TTCTCTGGCACGTCTTGACC 

Reverse CTTTCATACTGCTGGCGCAC 

S100β 
Forward TGGTTGCCCTCATTGATGTCTT 

Reverse TTCGTCCAGCGTCTCCATCA 

Gapdh 
Forward CAAGGTCATCCATGACAACTTTG 

Reverse GTCCACCACCCTGTTGCTGTAG 
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13. Transcriptome screening 

mRNA sequencing was processed for transcriptome analysis by Macrogen, Inc. 

(Seoul, Korea) as previously described.61,62 

Transcripts with cut offs at fold change ≥1.5 and statistically significant P-

values ≤ 0.05 were considered and included in downstream analysis. 

 

14. Statistical analysis 

All data were expressed as means ± S.E.M. The variables between groups were 

analyzed using one-way analysis of variance (ANOVA) followed by a post-hoc 

Bonferroni comparison using the SPSS statistics software (IBM corporation, 

Armonk, NY; version 20.0). Comparison of variables between two groups was 

performed using Student’s t-test. A P value < 0.05 was considered statistically 

significant. 
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III. RESULTS 

 

1. Bilateral common carotid artery occlusion (BCCAO) model 

In BCCAO model, this study investigated histological and behavioral changes 

evoked by doxycycline (DOX) administered in two concentrations (DOX-1, 

DOX-100) to reprogrammable mice in order to elucidate the mechanism behind 

the potential therapeutic effects of the reprogramming factors. The experimental 

design for the BCCAO mouse model is described in Figure 7. 

 

A. In vitro reprogramming factor expression led to changes in the 

morphology of mouse embryonic fibroblasts (MEFs) 

To confirm reprogramming capacity in vitro, MEFs were isolated from the 

reprogrammable mice to express reprogramming factors by doxycycline. These 

cells changed their morphology beginning on day threes following the expression 

of reprogramming factors via doxycycline administration (500 μg/ml) (Figure 8). 

MEFs were treated with several concentrations of doxycycline (10, 100, 500, 

and 1,000 ng/ml) for 7 days. Expression levels of the reprogramming factors 

Pou5f1 (Oct4) and Sox2 were determined by RT-PCR. To determine whether 

doxycycline induced expression of reprogramming factors in vivo, expression of 

Sox2 was measured using qRT-PCR at 3 days after the infusion of doxycycline. 

The results showed that Sox2 expression in the striatum increased in a dose-

dependent manner in mice treated with DOX-100 (100 μg/ml) compared with 

other groups (P < 0.05) (Figure 9). 
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Figure 7. Study design and doxycycline injection. (A) Study design. Transient 

cerebral ischemia was induced by 20 minutes bilateral common carotid artery 

occlusion (two vessel occlusion) in the doxycycline (DOX)-inducible 

reprogrammable mice. Thereafter, DOX (DOX-1, 1 μg/ml; DOX-100, 100 μg/ml) 

or phosphate buffered saline (PBS, control buffer) was continuously infused into 

the right lateral ventricle via an osmotic pump over 7 days and BrdU was daily 

injected for 12 days. Behavioral tests such as the rotarod and ladder walking tests 

were performed. Four weeks after the cerebral ischemia induction, the mice were 

euthanized and histologically analyzed. (B) DOX injection into the lateral 

ventricle via an osmotic pump (left side) to infuse low (12 ng/day, DOX-1) or 

high (1,200 ng/day, DOX-100). Brain damage is shown using TTC strain at 1 day 

after ischemic injury (right side). 
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Figure 8. MEFs derived from reprogrammable mice was changed 

morphology via expression of reprogramming factors. To confirm 

reprogramming capacity in vitro, the fibroblast was isolated from 

reprogrammable mice. Mouse embryonic fibroblasts (MEFs) derived from mice 

to expression reprogramming factors by doxycycline (500 μg/ml) were observed 

morphological changes at Day 3 and Day 6 after expression of reprogramming 

factors. Scale bar = 200 μm 
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Figure 9. In vitro and in vivo reprogramming factor were expressed by 

doxycycline. (A) Mouse embryonic fibroblasts isolated from the 

reprogrammable mice were treated with several concentrations of doxycycline 

(10, 100, 500, and 1,000 ng/ml) for 7 days. Expression levels of the 

reprogramming factors, Pou5f1 (Oct4) and Sox2, were determined by RT-PCR 

using Gapdh as the internal control. (B) Expression of Sox2 evaluated by qRT-

PCR significantly increased in the striatum of mice treated with DOX-100 (100 

μg/ml) compared with the other groups in a dose-dependent manner (n = 4/group; 

*P < 0.05, one-way ANOVA followed by a post-hoc Bonferroni comparison). 

mean + SEM. (C-E) Representative confocal microscopic images. Scale bar = 50 

μm 
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B. In vivo transient expression of reprogramming factors was not 

involved in tumor formation 

Although in vivo doxycycline-induced expression of reprogramming factors has 

been reported to cause tumor formation in epithelial tissues,63,64 tumor-like tissues 

were not observed in terms of the tumor formation at 4 weeks after the initiation 

of one-week low-dose doxycycline infusion (Figure 10).  

 

 

 

Figure 10. Tumor was not observed in brain tissue. (A-C) At 4 weeks after the 

initiation of DOX-100, DOX-1, or PBS infusion, brain sections were stained with 

hematoxylin and eosin (H&E) and observed using a microscope. Tumor-like 

tissue was not observed in any groups. Scale bars = 200 μm.  

 

C. In vivo reprogramming factor expression increased new neural 

progenitors and astrocytes in the subventricular zone 

To elicit expression of reprogramming factors in vivo, transgenic mice in which 

the four reprogramming factors (Oct4, Sox2, Myc, and Klf4) are expressed in a 

doxycycline-inducible manner were used.57 To express the factors in damaged 

brain tissues in vivo, an osmotic pump was used to infuse low (12 ng/day, DOX-

1 group) or high (1,200 ng/day, DOX-100 group) amounts of doxycycline or 

control buffer (PBS) into the lateral ventricles of the reprogrammable mice for 7 

days beginning immediately after 20 minute-bilateral common carotid artery 

occlusion58 (Figure 2).  
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To determine whether this in vivo expression enhances cell proliferation in the 

damaged tissue, neurogenesis and gliogenesis levels were determined in the 

subventricular zone, the site of the highest expected concentration of doxycycline 

after diffusion from the lateral ventricle. This is also the site where neural 

stem/progenitor cells, which contribute to regeneration, exist in the adult 

mammalian brain.65,66 To label proliferating cells, BrdU was given to the mice 

every day for 12 days following the stereotaxic surgery. The number of BrdU+ 

cells in the subventricular zones of mice in the DOX-100 and DOX-1 groups were 

7.7 times and 4.5 times higher, respectively, than the number of of BrdU+ cells in 

the PBS control (P < 0.001 and P < 0.01, respectively), and the number of BrdU+ 

cells in the DOX-100 group was 1.7 times higher than in the DOX-1 group (P < 

0.01), indicating that the presence of reprogramming factors enhances cell 

proliferation in the subventricular zone in a dose-dependent manner (Figure 11). 

Next, to identify proliferating cells, histologic analysis was performed by 

double-staining with BrdU and with cell type-specific markers such as βIII-

tubulin (Tuj1, a neuronal marker), GFAP (an astrocyte marker), or Nestin (a 

neural progenitor cell marker) in the subventricular zone. The numbers of 

BrdU+Nestin+cells in the DOX-100 and DOX-1 groups were 26.5 and 20.4 times 

higher, respectively, than in the PBS control group (P < 0.01 and P < 0.05, 

respectively), indicating that in vivo expression of reprogramming factors 

enhances the proliferation of neural progenitor cells. The numbers of 

BrdU+GFAP+ cells in the DOX-100 and DOX-1 groups were 15.2 and 10.8 times 

higher, respectively, than in the PBS control group (P < 0.001 and P < 0.01, 

respectively), suggesting that reprogramming factor expression causes a robust 

proliferative generation of astrocytes. However, the number of BrdU+βIII-

tubulin+ cells was similar across all groups, suggesting that neurogenesis in the 

subventricular zone is not affected by the reprogramming factors (Figure 11). 
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Figure 11. Increased number of newly generated neural progenitors and 

astrocytes induced by reprogramming factor expression in the 

subventricular zone. After the induction of cerebral ischemia, the doxycycline 

(DOX)-inducible reprogrammable mice were infused with two doses of 

doxycycline (DOX-1 and DOX-100) or phosphate buffered saline (PBS, control 

buffer) into the right lateral ventricle for 7 days. To identify newly generated cells, 

the mice were daily injected daily with 5-bromo-2-deoxyuridine (BrdU) for 12 

days. Four weeks after ischemia induction, histologic evaluations were performed. 

(A) The density of BrdU+ cells in the subventricular zone was significantly higher 

in both the DOX-100 and DOX-1 groups than in the PBS controls (n = 5/group; 

*P < 0.05; **P < 0.01 and ***P < 0.001, one-way ANOVA followed by a post-

hoc Bonferroni comparison). (B-D) The density of newly generated neural 
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progenitors, astrocytes, and neurons was determined through confocal 

microscopy by calculating the density of cells triple positive for DAPI (blue, 

nuclei), BrdU (green), and cell type-specific markers such as Nestin, GFAP, and 

βIII-tubulin, respectively. The densities of BrdU+Nestin+ and BrdU+GFAP+ cells 

but not BrdU+βIII-tubulin+ cells in both the DOX-100 and DOX-1 groups were 

significantly higher than in the PBS controls. (n = 5/group; *P < 0.05; **P < 0.01 

and ***P < 0.001, one-way ANOVA followed by a post-hoc Bonferroni 

comparison). (E-M) Representative confocal microscopic images. (G, J) Cells 

triple positive for DAPI, BrdU, and cell type-specific markers are indicated with 

white arrow heads in the right panel. Scale bars = 25 μm. mean + SEM. 

 

D. Reprogramming factor expression increased newly generated 

astrocytes but not neurons or glial scar formation in the striatum 

Motor performance as evaluated by the rotarod and forelimb slip tests were 

largely affected by striatal function. Moreover, the striatum is the second closest 

site to the lateral ventricle where doxycycline was infused. Furthermore, the 

activation of neural stem/progenitor cells in the subventricular zone through the 

intraventricular administration of growth factors (including BDNF) can also turn 

the striatum into a regenerative environment.16,17,67 Thus, neurogenesis and 

gliogenesis were evaluated in the right striatum in order to determine whether in 

vivo reprogramming factor expression can similarly transform the damaged 

striatum into a restorative environment. 

The numbers of BrdU+ cells in both the DOX-100 and DOX-1 groups were 4.3 

and 3.7 times higher, respectively, than in the PBS control group (P < 0.001), 

suggesting that doxycycline-induced reprogramming factor expression increases 

the number of proliferating cells in the striatum. As in the subventricular zone, 

the number of BrdU+GFAP+ cells in the DOX-100 group was 2.2 times higher 

than in the PBS control group, in which BrdU+GFAP+ cells were barely observed 

(P < 0.001), suggesting that reprogramming factor expression robustly increases 
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the number of newly generated astrocytes in the striatum. The number of 

BrdU+βIII-tubulin+ cells in the striatum was much lower than in the 

subventricular zone and was similar among all groups, suggesting that 

neurogenesis in the striatum is not altered by the expression of reprogramming 

factors (Figure 12A-C). In addition, levels of the glial scar marker CS-56 did not 

differ among the groups, suggesting that the astrocytes that are newly generated 

by in vivo reprogramming factor expression do not increase the detrimental glial 

scar formation that inhibits neuroregeneration after ischemic brain damage 

(Figure 12D).  
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Figure 12. Reprogramming factor expression increased the number of newly 

generated astrocytes in the striatum. (A) The densities of BrdU+ cells in the 

striatum of both DOX-100 and DOX-1 groups were significantly higher than in 

the PBS controls (n = 5/group; **P < 0.01; ***P < 0.001, one-way ANOVA 

followed by a post-hoc Bonferroni comparison). (B, C) The density of newly 

generated astrocytes and neurons was determined through confocal microscopy 

by calculating the density of cells triple positive for DAPI (blue, nuclei), BrdU 

(green), and cell type-specific markers such as GFAP and βIII-tubulin, 

respectively. The density of BrdU+GFAP+ cells, but not BrdU+βIII-tubulin+ cells, 

was significantly higher in the DOX-100 group than in the DOX-1 and PBS 

groups (n = 5/group; ***P < 0.001, one-way ANOVA followed by a post-hoc 

Bonferroni comparison). (D) The density of area positive for CS-56, a marker of 
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glial scar. The area of CS-56 staining did not differ among the groups (n = 

5/group). (E-J) Representative confocal microscopic images of BrdU+GFAP+ 

cells and BrdU+βIII-tubulin+ cells in the striatum. (G) Three dimensional images 

of cells triple positive for DAPI, BrdU, and GFAP are indicated with arrow heads 

in the right panel. Scale bars = 25 μm. (K-P) Representative fluorescent 

microscopic images of staining for CS-56. Scale bars = 50 μm. mean + SEM. CS-

56, chondroitin sulfate-56. 

 

To determine whether the density of the astrocytes generated through 

proliferation varies in regions within the striatum, the striatum was divided into 

five regions, and the densities of BrdU+ and BrdU+GFAP+ cells in each region 

were evaluated. In the PBS group, the densities of BrdU+ cells were comparable 

between regions, and the density of BrdU+GFAP+ cells were below the detection 

range in all regions. In both the DOX-1 and DOX-100 groups, the densities of 

BrdU+ and BrdU+GFAP+ cells showed a tendency to be high when the analyzed 

regions were closer to the lateral ventricle where doxycycline was infused. In line 

with this regional tendency, the density of BrdU+ cells were significantly higher 

in region 1, which is closest to the lateral ventricle, in the DOX-100 and DOX-1 

groups. Furthermore, the density of the BrdU+GFAP+ cells in region 1 in the 

DOX-100 group was significantly higher than in regions 4 and 5 (P < 0.05). 

Likewise, in regions 1, 2, and 3, the densities of BrdU+ cells in the DOX-100 and 

DOX-1 groups were significantly higher than in the PBS group. The densities of 

BrdU+GFAP+ cells in region 1 in the DOX-100 and DOX-1 groups were 

significantly higher than in the PBS group (P < 0.01 and P < 0.05, respectively) 

(Figure 13). Taken together, these data indicate that the densities of all 

proliferated cells and proliferated astrocytes were significantly higher in the 

striatum regions closer to the lateral ventricle. 
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Figure 13. Regional density of BrdU+ and BrdU+GFAP+ cells in the striatum. 

(A) The striatum was divided into five regions and each region was subjected to 

analysis. (B, C) Regional analysis. The density of BrdU+ and BrdU+GFAP+ cells 

in the right striatum from mice in the DOX group showed a tendency to decrease 

as the distance between the lateral ventricle and analyzed regions increased. The 

density of BrdU+ cells was comparable between the regions in (B). (B) The 

densities of BrdU+ cells in regions 1, 2 and 3 of the DOX-100 and DOX-1 groups 

were significantly higher than in the PBS group (n = 5/group; *P < 0.05; **P < 

0.01 and ***P < 0.001, one-way ANOVA followed by a post-hoc Bonferroni 

comparison). (C) The density of BrdU+GFAP+ cells in region 1 in the DOX-100 

and DOX-1 groups were significantly higher than in the PBS group (n = 5/group; 
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**P < 0.01 and *P < 0.05, respectively, one-way ANOVA followed by a post-

hoc Bonferroni comparison). mean + SEM. 

 

E. In vivo reprogramming factor expression enhanced angiogenesis 

Angiogenesis is a critical process for the recovery of ischemic tissue. Blood 

vessel density was evaluated in the striatum by staining the tissue with an anti-

CD31 antibody, which recognizes a representative endothelial cell marker. The 

number of CD31+ capillaries in the DOX-100 group was 1.2 and 1.1 times higher 

than in the PBS control and DOX-1 groups, respectively (P < 0.001 and P < 0.05), 

indicating that the level of angiogenesis was highest in the DOX-100 group. Next, 

a potential mechanism underlying this increased angiogenesis was identified in 

the ischemic brain. Given that astrocytes play crucial roles in brain 

neovascularization,68,69 the increased angiogenesis induced by reprogramming 

factor expression might be, at least in part, attributable to the enhanced 

proliferative generation of astrocytes. Furthermore, the use of confocal 

microscopy revealed that CD31+ blood vessels were frequently surrounded by 

astrocytes (Figure 14) 
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Figure 14. Angiogenesis was enhanced by reprogramming factor expression 

in the striatum. Four weeks after ischemia induction, the blood vessel density 

was determined by immunofluorescent staining against CD31. (A-C) 

Representative fluorescent microscopic images. Scale bar = 100 μm. (D) The 

CD31+ area (blood vessel-occupying region) was significantly larger and the 

density of CD31+ capillaries in the striatum was significantly higher in DOX-100 

group than in both the DOX-1 and PBS controls. (n = 6/group; ***P < 0.001 and 

*P < 0.05 respectively, one-way ANOVA followed by a post-hoc Bonferroni 
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comparison). (E-M) Confocal microscopic pictures showing blood vessels close 

to astrocytes. CD31+ endothelial cells lining blood vessels are surrounded with 

GFAP+ astrocytes in PBS, DOX-1, and DOX-100 groups. Scale bar = 25 μm. 

mean + SEM. CD31, cluster of differentiation 31. 

 

F. In vivo reprogramming factor expression increased neuronal survival 

and synaptic plasticity 

Astrocytes play a crucial role in neuroprotection by releasing several growth 

factors and cytokines.70,71 To test whether newly generated astrocytes and 

angiogenesis induced by in vivo reprogramming factor expression can increase 

neuronal survival and synaptic plasticity, the expression of the mature neuronal 

marker NeuN and synaptic markers such as synaptophysin and PSD95 were 

evaluated by qRT-PCR. The results of this analysis showed that the expression 

of striatal NeuN increased significantly in mice treated with DOX-100 compared 

with mice in the PBS control group (P < 0.05). Similarly, expression of 

synaptophysin and PSD 95 in the striatum significantly increased in the DOX-

100 group compared with the DOX-1 and PBS groups (P < 0.01 and P < 0.001). 

In addition, the number of NeuN+ cells (/mm3) and the fraction of area in the 

striatum were counted using an anti-NeuN antibody. The number of NeuN+ cells 

(/mm3) and the fraction of NenN+ in the striatum (%) were significantly higher 

in mice treated with DOX-100 (Figure 15) 
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Figure 15. In vivo reprogramming factor expression enhanced neural 

survival and synaptic plasticity. Gene expression of markers of neural survival 

and synaptic plasticity was evaluated by qRT-PCR. (A) Expression of striatal 

NeuN significantly increased in mice treated with DOX-100 compared to the PBS 

control group (n = 4/group; *P < 0.05, one-way ANOVA followed by a post-hoc 

Bonferroni comparison). (B, C) Similarly, expression of synaptic markers such 

as synaptophysin and PSD95 significantly increased in the striatum in the DOX-

100 group compared to the DOX-1 and PBS groups (n = 4/group; **P < 0.01, 

***P < 0.001, one-way ANOVA followed by a post-hoc Bonferroni comparison). 

(D, E) The number of NeuN+ cells (/mm3) and the fraction of area that was NeuN+ 

in the striatum (%) were significantly higher in mice treated with DOX-100 (n = 
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5/group; *P < 0.05, ***P < 0.001, one-way ANOVA followed by a post-hoc 

Bonferroni comparison). (F-H) Representative microscopic images of NeuN+ 

cells in the striatum. Scale bar = 100 μm. mean + SEM. 

 

G. In vivo reprogramming factor expression facilitated behavioral 

functional restoration after ischemic brain injury 

To determine whether in vivo reprogramming factor expression enhances 

functional recovery in the ischemic brain damage model, neurobehavioral 

functions were evaluated by rotarod and ladder walking tests at 2 and 4 weeks 

after doxycycline infusion. Rotarod tests with constant (32 rpm) speed showed 

that the latency periods before falling in the DOX-100 group were 262.4 ± 18.8 

and 241.1 ± 23.7 seconds at 2 and 4 weeks post-treatment, respectively, which 

was 4.0 and 5.1 times higher, respectively, than in the PBS control group (64.9 ± 

26.9 and 46.6 ± 15.1 seconds, respectively) (P < 0.001). Rotarod tests with 

accelerating speed (4~80 rpm) also revealed that the latency periods before falling 

in the DOX-100 group were 150.4 ± 5.0 and 140.7 ± 7.9 seconds at 2 and 4 weeks 

post-treatment, which was 1.5 times and 1.8 times higher, respectively, than in 

the PBS control group (100.4 ± 14.7 and 80.1 ± 15.4 seconds, respectively) (P < 

0.05 and P < 0.01). These results further confirm that reprogramming factor 

expression enhances the improvement of motor function (Figure 16A, B)  

Ladder walking tests, which evaluate fine motor coordination, showed that 

forelimb slip rates relative to total steps in the DOX-100 group at 2 and 4 weeks 

post-treatment were 3.3 ± 0.6% and 2.5 ± 0.4%, respectively, which are 2.0 and 

3.0 times lower, respectively, than in the PBS group (6.7 ± 1.5% and 7.5 ± 1.3%, 

respectively; P < 0.05 and P < 0.01, respectively). In addition, the forelimb slip 

rate in the DOX-1 group at 4 weeks post-treatment was 4.3 ± 0.8%, which was 

1.8 times lower than in the PBS group (P < 0.05), indicating that in vivo 

reprogramming factor expression can enhance the recovery of coordinated motor 

function in this cerebral ischemia model (Figure 16C).  
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Figure 16. In vivo reprogramming factor expression enhanced recovery of 

neurobehavioral functions in mice with cerebral ischemia. (A, B) 

Neurobehavioral functions were evaluated by rotarod tests at constant (32 rpm) 

and accelerating (4-80 rpm) speed and by ladder walking tests (C). 

Neurobehavioral functions in the DOX-100 group were significantly better than 

in the phosphate-buffered saline (PBS) controls at 2 and 4 weeks after the 

ischemic injury (n = 7/group; *P < 0.05; **P < 0.01 and ***P < 0.001 versus 

PBS, #P < 0.05, ##P < 0.01 versus DOX-1, one-way ANOVA followed by a post-

hoc Bonferroni comparison). mean + SEM.     
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H. Both sham-operated reprogrammable mice and C57BL6/J mice with 

bilateral common carotid artery occlusion were unaffected by doxycycline 

To provide insight into the effects of reprogramming factor expression in mice 

in the absence of brain ischemia, reprogrammable mice were subjected to a sham 

operation (in which occlusion of the carotid arteries did not occur) and then were 

treated with PBS, DOX-1, or DOX-100 via an osmotic pump. Up to 4 weeks post-

surgery, the three groups exhibited no differences in rotarod performance (Figure 

17A, B). This result suggests that in vivo reprogramming factor expression has 

no beneficial effect on sham-operated reprogrammable mice in the absence of 

brain ischemia and indicates that the protective effects of the reprogramming 

factors are ischemia-dependent. In addition, C57BL/6J wild-type mice were 

subjected to bilateral common carotid artery occlusion and then treated with PBS, 

DOX-1, or DOX-100. Although doxycycline has been shown to have a 

neuroprotective effect in a previously published paper,72 in this study the rotarod 

performances of these mice did not differ between groups up to 4 weeks after 

surgery in this study (Figure 17C, D).  
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Figure 17. Neurobehavioral evaluation in both sham-operated 

reprogrammable mice and C57BL6/J mice with bilateral common carotid 

artery occlusion. The sham-operated reprogrammable mice and C57BL6/J mice 

with bilateral common carotid artery occlusion were given PBS, DOX-1 or DOX-

100 and evaluated by the rotarod test at constant (32 rpm) and accelerating speed 

(4-80 rpm). (A, B) Up to 4 weeks after surgery, there was no difference among 

the three groups in rotarod performances of sham-operated reprogrammable mice 

without occlusion of carotid artery. mean + SEM (n = 6, 6, and 5 for DOX-100, 

DOX-1, and PBS groups, respectively. (C, D) Similarly, the rotarod 

performances of C57BL/6J mice with bilateral common carotid artery occlusion 

and infused with PBS, DOX-1 or DOX-100 via an osmotic pump were not 

different up to 4 weeks after surgery. mean + SEM (n = 5, 4, and 5 for DOX-100, 

DOX-1, and PBS groups, respectively). 
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I. Virus-mediated reprogramming factor expression improved 

behavioral function in mice with cerebral ischemia 

To evaluate reprogramming factor expression in the control mice, the lateral 

ventricles of C57BL/6J mice were injected with either 4 µl of a viral vector 

expressing the four reprogramming factors (CytoTuneTM–iPS Sendai 

Reprogramming Kit, Life Technologies, Carlsbad, CA) or with enhanced green 

fluorescent protein (EGFP) (CytoTuneTM–EmGFP Sendai Fluorescence 

Reporter, Life Technologies) following BCCAO (Figure 18A, B). To determine 

whether this reprogramming factor-induced functional recovery would also occur 

in the control C57BL/6J mice with transient global brain ischemia induced by 20 

minutes of BCCAO, we delivered the four reprogramming factors using viral 

vector through intraventricular injection. Confocal microscopy showed virus-

mediated expression of Oct4 and EGFP in the ventricular zone (Figure 18C), 

indicating that transgenes were expressed by viral vectors in this region. The 

rotarod test showed a tendency toward improved latency periods in the 

reprogramming factor-expressing viral vector group as compared to the GFP-

expressing group, although this tendency was statistically significant only in the 

accelerating speed test administered at 4 weeks post-BCCAO (Figure 18D; P < 

0.05). Ladder walking tests also revealed that the forelimb slip rate (%) in the 

reprogramming factor-expressing group was 1.5 times lower than in the GFP-

expressing group (Figure 18E; P < 0.05). This modest tendency toward improved 

neurobehavioral function in the control mice as compared with the doxycycline-

inducible reprogrammable mice might be, at least in part, due to the limited 

expression of reprogramming factors by the nature of viral vector and 

doxycycline.    
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Figure 18. Study design and reprogramming factor delivery via viral vector 

enhanced functional recovery. (A, B) Study design. Transient global cerebral 

ischemia was induced by 20-minute bilateral carotid artery occlusion (two vessel 

occlusion) in the C57BL/6J mice. Thereafter, the reprogramming factor-

expressing viral vector or GFP-expressing viral vector (virus control) was infused 

once into the right and left lateral ventricle using a stereotaxic surgery frame (B) 

and BrdU was daily injected for 12 days. Behavioral tests such as the rotarod and 

ladder walking tests were performed. Four weeks after the cerebral ischemia 

induction, the mice were euthanized and histologically analyzed. (C) Three days 
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after the injection of PBS or viral vector, the expression of Pou5f1 (Oct4) and 

EGFP was evaluated using confocal microscopy. (D, E) Neurobehavioral 

functions were evaluated by rotarod test at constant speed and by ladder walking 

test. The rotarod test at accelerating speed (4-80 rpm) and forelimb slip rate in 

ladder walking test showed that neurobehavioral functions in the reprogramming 

factor-expressing group (n = 9/group) were significantly better than in the EGFP-

expressing control group (n = 10/group) at 4 weeks after the ischemic injury (*P 

< 0.05, Student’s t-test). Scale bar = 200 μm. 

 

J. Down-regulated genes were profiled by transcriptome sequencing  

To elucidate the mechanism underlying the therapeutic effects outlined above, 

total RNA was prepared for RNA sequencing from samples obtained from the 

brains of mice in the PBS and DOX-100 groups (n = 5/group) at 4 weeks after 

induction of reprogramming factors. The transcriptome analysis was performed 

using RNA sequencing in order to identify genes differentially expressed among 

the groups, with a cut-off fold change of 1.5 (P < 0.05). Among down-regulated 

genes, a total of 9 genes were selected: 3 genes associated with astrocytes (GFAP, 

Vimentin, and S100β) and 6 genes associated with complements (C3, C4a, C4b, 

C1qa, C1qb, and C1qc) (Table 3). 
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Table 3. Differentially expressed genes (DEGs) in down-regulated genes 

Downregulated genes at 4 weeks after treatment 

Gene symbol DOX-100 / PBS 

C3 -7.958315 

C4a -1.771182 

C4b -3.5 

C1qa -2.204425 

C1qb -2.249906 

C1qc -2.232664 

GFAP -2.629414 

Vimentin -2.563695 

S100β -1.141646 

 

 

K. Down-regulated genes were validated using qRT-PCR 

A hallmark of several neurological disorders is the presence of activated 

microglia and harmful astrocytes activated by complements, which impairs 

synaptogenesis and compromises neuronal survival.73 The down-regulated genes 

of interest, complements such as C3, C4a, C4b, C1qa, C1qb, and C1qc, and 

astrocyte markers such as GFAP, Vimentin, and S100β were validated using 

qRT-PCR. In particular, the complements family is known to a marker of 

astrocytes, indicating detrimental functions. These genes were significantly 

down-regulated in the DOX-treated group compared to the PBS control group, 

confirming the results of the RNA (Figure 19; P < 0.05, P < 0.01, P < 0.001). 
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Figure 19. RNA-sequencing results were validated by quantitative real-time 

qRT-PCR. (A-I) Total RNA was isolated from the brains of mice at 4-week after 

treatment of doxycycline. The qRT-PCR confirmed that complement C3, C4a, 

C4b, C1qa, C1qb, C1qc, and astrocyte marker such as GFAP, Vimentin and 

S100β significantly decreased in DOX-100 treated mice. mean + SEM (n = 

4/group; *P < 0.05, **P < 0.01, *** P < 0.001, Student’s t-test). 
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L. In vivo reprogramming factor expression decreased C3 expression in 

astrocytes 

In 2017, two review papers about reactive astrocytes showed that A1 astrocytes 

might have detrimental functions, including the promotion of neurodegeneration, 

neurotoxicity, and synaptic impairments, whereas A2 astrocytes might have 

beneficial functions, including the promotion of neuroprotection and neural repair. 

Many markers have been identified that distinguish reactive astrocytes;48 in 

particular, complement C3 is known to be an A1-astrocyte specific marker.44,74 

C3 expression was therefore confirmed in astrocytes, and the results indicated 

that in vivo reprogramming factor expression in doxycycline-treated group 

appeared to decrease C3 in A1 astrocytes compared to the PBS control group 

(Figure 20; P < 0.05).  
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Figure 20. C3+ cells were significantly decreased by transient 

reprogramming expression in reactive astrocytes. Four weeks after transient 

ischemic insult, percentage of co-localization of C3 and GFAP were analyzed. 

(A) In vivo transient reprogramming factor expression in doxycycline group dose-

dependently decreased C3 expression in A1 astrocytes compared to the PBS 

control (n = 3/group; *P < 0.05). (B-D) Representative fluorescent microscopic 

images. Scale bar = 100 μm. mean + SEM  



54 

2. Hypoxic-ischemic (HI) brain injury model 

Based on the results of previous studies in BCCAO mice, HI mice were used to 

confirm the dose-dependent effects of in vivo expression of reprogramming 

factors. With the aim of finding a better therapeutic approach by observing 

differences in effect according to injection region, doxycycline was injected into 

both the lateral ventricle and the striatum. The experimental design for the HI 

mouse model is described in Figure 21. 

 

 

 

Figure 21. Experimental design and doxycycline injection. (A) Experimental 

design. Hypoxic-ischemic injury was induced by right carotid artery ligation in 

the DOX-inducible reprogrammable mice, and hypoxia was induced at 8% O2 

(92% N2) for 45 minutes. Thereafter, DOX (DOX-1, 1 μg/ml; DOX-100, 100 

μg/ml) or PBS was continuously infused into the right lateral ventricle via an 

osmotic pump over 7 days and BrdU was daily injected for 12 days. Behavioral 
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tests such as the rotarod test, ladder walking test, cylinder test, grip strength test 

and openfield test were performed. Four weeks after the cerebral ischemia 

induction, the mice were euthanized and histologically analyzed. (B) DOX 

injection into both the lateral ventricle (left side) and the striatum (right side) via 

an osmotic pump to infuse DOX-1 (12 ng/day) or DOX-100 (1,200 ng/day).  

 

A. In vivo reprogramming factor expression facilitated asymmetry 

improvement after hypoxic-ischemic brain injury, but not in the rotarod 

motor function test 

To determine whether in vivo reprogramming factor expression enhances 

functional recovery in the HI brain damage model, neurobehavioral functions 

were evaluated using the rotarod test, ladder walking, cylinder, grip strength, and 

openfield tests.  

Rotarod tests at constant (32 rpm) and accelerating (4-80 rpm) speeds indicated 

no differences in performance among the three groups (PBS, DOX-1, and DOX-

100) in both the lateral ventricle-targeted and striatum-targeted groups (Figure 22 

A-D), suggesting that reprogramming factor expression did not contribute in 

motor function recovery in the HI mouse model. Similarly, Pollak et al. observed 

clear deficits in HI mice compared to sham control mice, but there was no 

significant difference at 1 month after HI insult.6 

In the grip strength test, grip power in the contralateral hemiplegic limb of DOX-

100 treated mice in the lateral ventricle-targeted group at 4 weeks after 

doxycycline treatment (65.0 ± 2.7 gram × force) was significantly improved 

compared to 1 day after doxycycline treatment (54.6 ± 4.7; P < 0.01) (Figure 

23D), but no difference was observed in the striatum-targeted group (Figure 23A). 

Therefore, in vivo reprogramming factor expression can, under certain 

circumstances, induce improvement in grip strength. 

In the ladder walking test and the cylinder test, which evaluate fine motor 

coordination and asymmetry, the contralateral forelimb slip rates relative to total 
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steps in the DOX-100 group at 4 weeks post-treatment were 0.9 ± 0.3%, which is 

5.3 times lower than in the DOX-100 group at 1-day post-treatment (4.8 ± 0.7%; 

P < 0.001). The forelimb slip rate in both the DOX-1 and PBS groups were no 

significance over time. In addition, in the striatum-targeted group, infusion of 

doxycycline had no therapeutic effect on HI mice. The cylinder test revealed 

significant improvement in the percentage of cylinder wall contacts with the 

hemiplegic forelimb only in the DOX-100 group at 4 weeks post-treatment (42.5 

± 6.6%) compared to the same group at 1-day post-treatment (13.9 ± 7.0%; P < 

0.05) (Figure 23). In addition, there are no differences noted in the striatum-

targeted groups. Taken together, the cylinder and ladder walking test results 

suggest forelimb-use asymmetry can be improved following the inducement of 

reprogramming factor expression in cases of HI brain injury. Interestingly, the 

groups, that received a doxycycline injection into the striatum showed no 

functional recovery in any test evaluating behavioral function. Selecting the 

correct injection site therefore appears to be important for effective treatment.  
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Figure 22. There were no changes by induction of reprogramming factor in 

mice with HI injury. Functions were evaluated by rotarod tests at constant (32 

rpm) and accelerating speed (4-80 rpm). However, both group, DOX-infusion 

into striatum (A, B) and lateral ventricle (C, D), showed that there was no 

difference in rotarod performances in among the groups (n = 8 and 9 for striatum-

targeted group and lateral ventricle-targeted groups, respectively). mean + SEM. 
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Figure 23. Asymmetry was alleviated in the lateral ventricle-targeted group, 

but not in the striatum-targeted group. Neurobehavioral hemiplegic functions 

were evaluated by grip strength test, ladder walking test and cylinder test. (A-C) 

Function of contralateral hemiplegic limb in striatum-targeted group has no 

change between 1 day and 4 weeks (n = 8/group). (D) The grip power of 

hemiplegic limb showed significant enhancements in DOX-100 treated mice at 4 

weeks compared to 1 day (n = 9/group; **P < 0.01, student’s t-test). (E, F) The 

percentage of use of impaired forelimb improved in DOX-100 group at 4 weeks 

compared to 1 day (n = 9/group; **P < 0.01 and ***P < 0.001, student’s t-test). 

mean + SEM. 
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B. In vivo reprogramming factor expression alleviates anxiety-like 

behavior in the open field test 

An open field test was administered to examine not only locomotor activity but 

also tendency to prefer staying in specific areas, such as in the corners, on the 

side, or in the center zone.75 The striatum-targeted groups showed nonsignificant 

changes in distance from the corner zones between 1 day and 4 weeks following 

DOX–treatment. However, distance from the corner zones significantly 

decreased in DOX-100 mice in the lateral ventricle-targeted groups at 4 weeks 

post-treatment (P < 0.05 versus 1 day), suggesting that reprogramming factor 

expression alleviated anxiety-like behavior in HI injured mice (Figure 24). 
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Figure 24. Anxiety-like behavior was attenuated in DOX-100 treated mice of 

the lateral ventricle-targeted group, but not in the striatum-targeted group. 

Open field tests were performed at 1 day and 4 weeks after DOX-treatment. (A) 

Representative image of open field test. (B) A square box illustrates a schematic 

test area of open field test and shows areas designated as the corners, sides, and 

center zones. (C, D) Distance in corners were not changed by reprogramming 

expression in striatum-targeted groups (n = 8/groups). But, lateral ventricle-

targeted group showed that distance in corners decreased at 4 weeks after 

induction of reprogramming factors (n = 9/group; *P < 0.01, student’s t-test). 

mean + SEM. 
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C. Tumor formation following 1,000 µg/ml doxycycline injection into 

the striatum 

To confirm the existence of brain tumor formation, injections of doxycycline (1, 

100, and 1,000 µg/ml) and PBS were performed in both lateral ventricle and 

striatum. The results showed that tumor development was observed in the group 

that received an infusion of doxycycline into the striatum (Figure 25). Likewise, 

proper dose of expression of reprogramming factor should be carefully 

considered when targeting the injection site (either the lateral ventricle or 

striatum).  

 

 

 

Figure 25. Tumor-like tissue formation was not observed in DOX-1 and 

DOX-100 but it showed tumor-like tissues in DOX-1,000. (A) When 



62 

reprogramming factor is introduced into the lateral ventricle region, tumor was 

not observed. However, in the striatum infusion group, when treated with 

doxycycline 100 µg/ml, tissue in abnormal condition were observed. (B) 

Injecting DOX-1,000 in striatum showed tumor formation. Scale bar = 200 μm.  

 

D. In vivo reprogramming factor expression increased new astrocytes in 

the subventricular zone and striatum 

To express the reprogramming factors in the damaged brain tissues of in vivo 

HI mice, an osmotic pump was used to infuse either doxycycline or control buffer 

(PBS) into the lateral ventricle, as described above.   

Histological result showed that the number of BrdU+ cells in the subventricular 

zone in mice in the DOX-100 groups was 3.8 times higher than in the PBS control 

group (P < 0.05), while the number of BrdU+ cells in the DOX-100 group was 

1.7 times higher than in the DOX-1 group. The number of BrdU+GFAP+ cells in 

the DOX-100 group was 3.6 times higher than in the PBS control group (P < 

0.01), suggesting that reprogramming factor expression causes a robust 

proliferative generation of astrocytes (Figure 26).  Likewise, in the BCCAO 

model, the number of BrdU+βIII-tubulin+ cells were similar across all groups, 

suggesting that neurogenesis in the subventricular zone is not affected by the 

reprogramming factors. 

Next, the density of astrocytes was evaluated in order to confirm the presence 

of cell generation through proliferation in the striatum. The density of 

BrdU+GFAP+ cells in region 1 in the DOX-100 group was significantly higher 

than in the DOX-1 and PBS groups (P < 0.01) (Figure 27). Taken together, these 

data indicate that the densities of all proliferated cells and proliferated astrocytes 

were significantly higher in the striatum regions closer to the lateral ventricle. 
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Figure 26. Increased number of newly generated cells and astrocytes induced 

by reprogramming factor expression in the subventricular zone. After the 

induction of focal ischemia, the DOX-inducible reprogrammable mice were 

infused with two doses of doxycycline (12 ng/day, DOX-1; 1,200 ng/day, DOX-

100) or PBS into the right lateral ventricle for 7 days. To identify newly generated 

cells, the mice were daily injected daily with 5-bromo-2-deoxyuridine (BrdU) for 

12 days. Four weeks after ischemia induction, histologic evaluations were 

performed. The density of newly generated neural progenitors, astrocytes, and 

neurons was determined through confocal microscopy by calculating the density 

of cells triple positive for DAPI (blue, nuclei), BrdU (green), and cell type-

specific markers such as Nestin, GFAP, and βIII-tubulin, respectively. (A, C) The 

density of BrdU+ cells and BrdU+GFAP+ cells in the subventricular zone were 
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significantly higher in both the DOX-100 than in the other groups (n = 3-4/group; 

*P < 0.05, **P < 0.01 one-way ANOVA followed by a post-hoc Bonferroni 

comparison). (B, D) The densities of BrdU+Nestin+ and BrdU+βIII-tubulin+ cells 

in both the DOX-100 and DOX-1 groups were presented no significance among 

the groups. (n = 3-4/group). (E-J) Representative confocal microscopic images. 

Scale bars = 25 μm. mean + SEM. 

 

 

 

Figure 27. Reprogramming factor expression increased the number of newly 

generated astrocytes in the striatum. (A) The densities of BrdU+ cells in the 

striatum of DOX-100 group were significantly higher than in both DOX-1 group 

and PBS controls (n = 3-4/group; ***P < 0.001, one-way ANOVA followed by 

a post-hoc Bonferroni comparison). The density of newly generated astrocytes 
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and neurons was determined through confocal microscopy by calculating the 

density of cells triple positive for DAPI (blue, nuclei), BrdU (green), and cell 

type-specific markers such as GFAP and βIII-tubulin, respectively. (B) The 

density of BrdU+GFAP+ cells, but not BrdU+βIII-tubulin+ cells, was significantly 

higher in the DOX-100 group than in the DOX-1 and PBS groups (n = 3-4/group; 

**P < 0.01, one-way ANOVA followed by a post-hoc Bonferroni comparison). 

(C) The density of area positive for CS-56, a marker of glial scar. The area of CS-

56 staining did not differ among the groups (n = 3-4/group). (D-I) Representative 

confocal microscopic images of BrdU+GFAP+ cells and BrdU+βIII-tubulin+ cells 

in the striatum. Scale bars = 25 μm. mean + SEM. CS-56, chondroitin sulfate-56. 

 

E. In vivo reprogramming factor expression enhanced angiogenesis and 

neuroprotection 

Evaluation of blood vessel density in the striatum via tissue staining indicated 

that the number of CD31+ capillaries in the DOX-100 group was 1.6 and 1.9 times 

higher than in the PBS control and DOX-1 groups, respectively (P < 0.05) (Figure 

28). To confirm the neuroprotective effect, the density of NeuN+ cells in the 

striatum was determined using qRT-PCR and immunohistochemistry. As a result, 

expression of striatal NeuN increased significantly in mice treated with DOX-100 

compared to mice in the DOX-1 and PBS groups (P < 0.01) (Figure 29). 

Therefore, in vivo reprogramming factor expression contributed to 

neuroprotection and angiogenesis following HI injury conditions.  
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Figure 28. Angiogenesis was enhanced by reprogramming factor expression 

in the striatum. Four weeks after ischemia induction, the blood vessel density 

was determined by immunofluorescent staining against CD31. (A-C) 

Representative fluorescent microscopic images. Scale bar = 100 μm. (D) The 

density of CD31+ capillaries in the striatum was significantly higher in DOX-100 

group than in both the DOX-1 and PBS controls. (n = 5/group; *P < 0.05 and **P 

< 0.01 respectively, one-way ANOVA followed by a post-hoc Bonferroni 
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comparison). (E-M) Confocal microscopic pictures showing blood vessels close 

to astrocytes. CD31+ endothelial cells lining blood vessels are surrounded with 

GFAP+ astrocytes in PBS, DOX-1, and DOX-100 groups. Scale bar = 25 μm. 

mean + SEM. CD31, cluster of differentiation 31. 

 

 

Figure 29. In vivo reprogramming factor expression enhanced neural 

survival. (A) Gene expression of markers of neural survival was evaluated by 

qRT-PCR. Expression of striatal NeuN significantly increased in mice treated 

with DOX-100 compared to the PBS control group (n = 4-5/group; **P < 0.01, 

one-way ANOVA followed by a post-hoc Bonferroni comparison) (B, C) The 

number of NeuN+ cells (/mm3) and the fraction of area that was NeuN+ in the 

striatum (%) were significantly higher in mice treated with DOX-100 than PBS 

control group (n = 4-5/group; **P < 0.01, one-way ANOVA followed by a post-

hoc Bonferroni comparison). (D-F) Representative fluorescent microscopic 

images of NeuN+ cells in the striatum. Scale bar = 100 μm. mean + SEM. 
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IV. DISCUSSION  

 

Although in vivo expression of reprogramming factors has been studied with 

respect to tumor development63 and reprogramming into pluripotency,64 whether 

these factors can augment functional restoration in brains that have suffered 

ischemic injury has not yet been investigated. 

 

1. Functional recovery and proliferation neural cells (neural progenitors 

and astrocytes) in brain injury 

In this study, reprogramming factor-induced functional recovery was associated 

with proliferative generation of Nestin+ or GFAP+ cells in the subventricular zone 

and striatum. Given that the early responses to reprogramming factor expression 

include cell proliferation,9,76 the source of these cells could be endogenous 

Nestin+ cells (neural progenitors) and GFAP+ cells (astrocytes), respectively. 

However, it cannot be ruled out that these cells could be also derived from other 

cell types because transient overexpression of reprogramming factors can 

epigenetically activate the cells into an intermediate plastic state that allows cells 

to take on alternate fates.9,20-22,77,78 Elucidating the source of these newly 

generated neural progenitors and astrocytes would require complex lineage 

tracing experiments,9,79,80 which are beyond the scope of the current study. 

Because functional improvement was associated with selective expansion of 

neural progenitors and astrocytes, it might be speculated that these cell types are 

required for recovery from brain injury and the prevention of additional tissue 

damage. This idea is in line with previous results showing that neural 

stem/progenitor cells, but not mature neurons, can lead to functional recovery 

when transplanted into damaged brain tissue81,82 and that astrocytes are 

responsible for the prevention of tissue damage and neuronal loss in several 

mouse models of brain injury.9,47 Our data are also compatible with results from 

a previous interesting report showing that gliogenic, but not neurogenic, neural 
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stem/progenitor cells promoted axonal growth, remyelination, angiogenesis, and 

locomotor functional recovery when transplanted into a mouse model of spinal 

cord injury.9,83 

 

2. Responses of astrocytes to brain injury  

 Here in the brain ischemia models, reprogramming factor-induced astrogliosis 

was associated with functional restoration and angiogenesis, which is compatible 

with previous studies showing that astrogliosis has beneficial effects in the acute 

phase of injury.9,47,84 However, the long-term consequence of astrogliosis could 

be detrimental.9,47,84 It can produce glial scar formation and prevent neurogenesis 

from endogenous progenitors or transplanted stem/progenitor cells, as well as 

axonal regeneration. In this study, gliogenesis induced by in vivo reprogramming 

factor expression did not increase the glial scar formation in the striatum of the 

damaged brains. Thus, the GFAP+ cells generated by reprogramming factor 

expression might be a novel cell source with stem cell potential in the injured 

brain.9,84  

Reactive astrocytes are divided into two subtypes, A1 astrocytes and A2 

astrocytes, which are induced by neuroinflammation and ischemia, respectively.37 

Many papers have demonstrated that A1 astrocytes might have detrimental 

functions, while A2 astrocytes might have beneficial functions.37,44 A1 astrocytes, 

in particular, are known to create negative interactions via NFkB signaling in 

neurodegenerative diseases such as Alzheimer’s disease, Parkinson’s disease, and 

Huntington’s disease.44,85-88 The complement C3, one of the A1 astrocyte markers, 

has been shown to exacerbate infarct volume in cerebral ischemia with hypoxia.52 

Therefore, it will help the recovery process in ischemic brain injury by in vivo 

reprogramming factors-induced astrocytes via the decreased expression of C3.  

 

3. Angiogenesis and astrocytes 

Angiogenesis is essential for recovery from ischemic injury. The role of 
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astrocytes in angiogenesis in the retina, a part of the central nervous system like 

the brain, has been relatively well characterized;9,89,90 here, astrocytes form a 

template that guides retinal angiogenesis in both normal development and injury-

associated regeneration. Although the role of astrocytes in brain angiogenesis has 

yet to be elucidated, astrocytes have been proposed to be the cell type that forms 

the trophic microenvironment that supports angiogenesis and enables the survival 

of transplanted striatal tissue in the human brain.9,91 In this study, key angiogenic 

factors robustly expressed in astrocytes might contribute to this trophic 

environment that favors angiogenesis and tissue regeneration. Furthermore, it is 

well established that astrocytes contribute to the formation of the blood-brain 

barrier, which is compatible with our results showing that CD31+ blood vessels 

are surrounded by GFAP+ cells. Previous studies have shown that astrocytes, 

which produce the proangiogenic and neurogenic factors such as FGF2 and 

VEGFA, can facilitate angiogenesis and neurogenesis and enhance functional 

recovery after cerebral ischemia and hypoxic-ischemic brain injury.9,92-94 Taken 

together, these results suggest that reprogramming factor-induced functional 

recovery might be mediated by the proliferative generation of astrocytes, which 

express factors that are both angiogenic and neurogenic.   

 

4. Synaptic plasticity and astrocytes 

Astrocytes are the main neural-lineage cell type for the maintenance of brain 

homeostasis and contribute to neuroprotection and neuron survival via the 

secretion of neurotransmitters, cytokines and growth factors.9,70,71 In this study, 

in vivo expression of reprogramming factors induced an increase in the number 

of newly generated astrocytes without effects on neurogenesis, providing further 

evidence of motor function recovery. Expression of NeuN (a mature neuronal 

marker), synaptophysin (a presynaptic marker), and PSD95 (a postsynaptic 

marker) also increased in a doxycycline-dependent manner, suggesting increased 

neuronal survival and synaptic plasticity. These results might provide an 
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explanation for the relationship between newly generated astrocytes induced by 

in vivo reprogramming factor expression and functional recovery. Additional 

experiments revealed that sham-operated reprogrammable mice (that is, 

reprogrammable mice that lacked occlusion of the carotid artery) that received 

either PBS, DOX-1, or DOX-100 showed no beneficial effect in the absence of 

brain ischemia in the rotarod test up to 4 weeks after surgery, suggesting that the 

protective effects of reprogramming factors are ischemia-dependent. 

 

5. Induction of reprogramming factor and tumor formation 

It has recently been reported that doxycycline-induced in vivo expression of 

reprogramming factors can lead to the development of teratoma.64 Similar tumors 

have previously been observed in mice in which Pou5f1 (Oct4) expression was 

induced by doxycycline in vivo.9,63 However, tumor development was not 

observed in this study. This discrepancy may be attributable to differences 

between our study and the others in terms of both delivery methods and the tissues 

analyzed. In each of the other studies, doxycycline was systemically administered 

to the mice through drinking water,9,63,64 whereas in our study doxycycline was 

injected into the lateral ventricle in our study, where the systemic effects of 

doxycycline would be minimal or negligible. Among the three existing studies, 

one study,9,64 but not the other two, showed the expression of reprogramming 

factors in brain tissue. However, tumor development in the brain was not 

observed in this study. In all three studies, tumor development was observed 

predominantly in epithelial tissues in the stomach, intestine, pancreas, kidney, 

and skin, but not in the brain. 
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V. CONCLUSION  

 

In conclusion, this study has shown that in vivo transient expression of the four 

reprogramming factors promoted functional recovery in mouse models of 

cerebral ischemia. This facilitated functional recovery was associated with 

enhanced angiogenesis together with the proliferative generation of astrocytes 

and/or neural progenitors. In vivo reprogramming factor-mediated functional 

restoration provides insight into the mechanisms underlying recovery from tissue 

damage and potentially enables the development of novel therapeutic modalities 

to facilitate recovery from tissue injury such as cerebral ischemia. 
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ABSTRACT (IN KOREA) 

 

 

뇌허혈 마우스 모델에서 재프로그래밍 인자의 생체내 발현을 통한 

성상교세포의 치료 가능성 

 

 

<지도교수 조 성 래> 

 

 

연세대학교 대학원 의과학과 

서 정 화  

 

뇌허혈과 뇌졸중은 치료 불가능한 손상을 유도 또는 사망으로 이르게 

한다. 뇌에서 가장 풍부한 세포 중 하나인 성상교세포는 허혈과 같은 

손상된 조건에서 활성화된다. 이러한 반응성 성상교세포는 뇌손상 

회복에 중요한 역할을 한다. 네 가지 리프로그래밍 인자(Pou5f1, Sox2, 

Myc, Klf4)의 일시적인 발현은 세포 유형을 전환시키는데 사용되었지만 

허혈성 손상으로부터 기능회복을 촉진하는 수단으로는 거의 연구되지 

않았다. 본 연구에서 생체내 일시적 리프로그래밍 발현이 신경 행동 

기능을 향상시킬 수 있는지 확인하고자 한다.  

뇌허혈은 일시적 양측 총경동맥 폐쇄 (BCCAO)와 저산소증(8% O2)을 

동반하는 영구적인 단일 총경동맥 결찰(HI)의 두가지 방법에 의해 

유도되며, 그 후 네 가지 리프로그래밍 인자가 독시사이클린에 의해 

발현되는 유전자변이 마우스의 뇌 (뇌실 또는 선조체)에 독시사이클을 

처치한다. 독시사이클린(DOX-1; 1μg/ml, DOX-100; 100μg/ml) 또는 

인산염 완충 식염수(PBS)를 삼투압펌프를 이용하여 연속적으로 7일간 

주입하였다. 
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BCCAO 모델에서 조직 학적 평가 결과, 이 일시적인 리프로그래밍 

인자 발현은 신경 세포가 아닌 성상교세포 및 신경전구세포의 증식을 

유도하고 혈관 신생 인자의 상승 조절을 통해 신생 혈관 형성을 

증가시키는 것을 확인하였다. 또한, 생체내 리프로그래밍인자 발현은 

선조체에서 성숙한 뉴런의 수 및 시냅스 형성의 증가와 같은 신경 보호 

효과를 유도 하였다. 게다가 리프로그래밍 유도에 의한 종양 발달은 

관찰되지 않았다. 중요한 것은 rotarod 및 사다리 보행 테스트와 같은 

신경 행동 평가 결과 생체내 일시적 리프로그래밍 발현이 허혈성 

손상으로부터 기능 회복을 촉진한다는 것을 확인하였다. 성상교세포 

증식과 관련된 치료기전 규명을 위해 DOX-100 그룹과 PBS 그룹에 비해 

DOX-100 그룹에서 유의미하게 변화된 전사체(transcriptome)을 찾기 

위해 RNA sequencing analysis 를 시행하였다. 보체 C3, C4a, C4b, 

C1qa, C1qb, C1qc 그리고 성상교세포 마커들과 같은 감소된 유전자들을 

qRT-PCR 을 이용하여 검증하였다. 특히 C3 는 유해한 성상교세포 

마커이기 때문에 C3를 조직학적 분석을 통해 정량화하였다. 그 결과 

C3는 생체내 리프로그래밍 인자 발현에 의해 유의미하게 감소하였다.  

다른 실험 그룹으로 사용되는 뇌졸중 모델인 허혈성 저산소성 손상 

모델을 사용하였는데, 이 실험에서는 효능이 검증된 리프로그래밍 

발현을 뇌의 두 부위, 뇌실과 선조체에서 실행하여 주입 부위에 따른 

효과를 비교하고자 하였다. 결과적으로, 생체내 리프로그래밍 인자 

발현 후 손상된 뇌에서 성상교세포와 신경전구세포는 유의미하게 

증식되었지만, 뉴런이나 신경교상흔은 증식하지 않았으며, 혈관이 

강화되었다. 게다가 생체내 다능성인자 발현은 저산소성 허혈성 

상태에서 신경세포의 보호를 야기하였다. 그립강도, 실린더, 사다리 

워킹 테스트 및 오픈필드 테스트와 같은 신경행동 평가는 네가지 

리프로그래밍 인자의 뇌실에서의 발현을 통해 기능회복을 극적으로 

촉진한다는 것을 보여주었다. 흥미롭게, 선조체에서 리프로그래밍 

발현은 그룹간의 신경학적기능의 변화를 가져오지 않았다. rotarod 

테스트에서는 뇌실 및 선조체 표적 군 모두에서 유의미한 차이가 

없었다. 뇌실 표적 군에서 종양 발달은 관찰되지 않았지만, 선조체 

표적 군에서 DOX-100 처리 마우스에서 비정상 상태를 보였다. 또한, 

선조체 표적 군에서 DOX-100(doxycycline; 1,000 μg/ml)의 처치는 

종양을 형성하였다. 선조체에서 리프로그래밍 인자를 발현한 마우스의 
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경우 치료효과를 확인할 수 없었다. 뇌실에서 리프로그래밍 인자를 

발현한 그룹에서의 신경조직학적 결과는 신경 세포가 아닌 

성상교세포의 증식 및 선조체의 혈관을 증가시키는 것을 확인하였다.  

종합하면, 새로 생성된 성상교세포는 대뇌 허혈 (BCCAO 및 HI 마우스 

모델)에서 신경세포 보호 및 신혈관 강화에 필수적인 세포이다. 이러한 

결과는 BCCAO 마우스 모델 에서 반응성 성상교세포(유해 A1 

성상교세포)의 감소를 통한 기능 회복에 대한 치료적 가능성이 있다. 

HI 마우스 모델에서는 리프로그래밍 인자의 선조체 표적 발현에 회복 

효과가 없지만 뇌실 표적 군에서는 그렇지 않다. 따라서 리프로그래밍 

인자의 발현을 위해 뇌실을 표적으로 하는 것이 치료를 위한 더 나은 

치료법이 될 것이다. 
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