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Section options: Drug Discovery and Translational Medicine 
 
ABSTRACT  
 

The relationship between inflammation and neurogenesis in stroke is currently not well 

understood. Focal ischemia enhances cell proliferation and neurogenesis in the neurogenic 

regions including the subventricular zone (SVZ), dentate gyrus (DG) as well as non-neurogenic 

striatum, cortex in the ischemic hemisphere. Myeloperoxidase (MPO) is a potent oxidizing 

enzyme secreted during inflammation by activated leukocytes and its enzymatic activity is highly 

elevated after stroke. In this study, we investigated whether inhibition of MPO activity by a 

specific irreversible inhibitor, 4-aminobenzoic acid hydrazide (ABAH) or MPO-/- mice can 

increase neurogenesis after transient middle cerebral artery occlusion (tMCAO) in mice. ABAH 

administration increased the number of proliferating 5-bromo-2' deoxyuridine (BrdU)-positive 

cells expressing markers for neural stems cells, astrocytes, neuroprogenitors (Nestin), and 

neuroblasts (doublecortin) in the ischemic SVZ, anterior SVZ (aSVZ), striatum and cortex. MPO 

inhibition also increased levels of brain-derived neurotrophic factor (BDNF), phospho-cAMP 

response element-binding protein (pCREB Ser133), acetylated H3 (AcH3), and NeuN to 

promote neurogenesis in the ischemic SVZ. ABAH treatment also increased chemokine CXC 

receptor 4 (CXCR 4) expression in the ischemic SVZ. MPO-deficient mice treated with vehicle 

or ABAH both showed similar effects on the number of BrdU+ cells in the ischemic hemisphere, 

demonstrating that ABAH is specific to MPO. Taken together, our results underscore a 

detrimental role of MPO activity to post-ischemia neurogenesis and that a strategy to inhibit 

MPO activity can increase cell proliferation and improve neurogenesis after ischemic stroke.  
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INTRODUCTION 
 

Adult neurogenesis produces newborn neurons from neural stem cells (NSC)/neural 

progenitors in the adult neurogenic niche of the central nervous system (CNS) (Ming and Song, 

2011; Zhao et al., 2008). Two neurogenic areas in the brain are the subventricular zone (SVZ) 

and the hippocampal dentate gyrus (DG) (Alvarez-Buylla and Garcia-Verdugo, 2002).  Focal 

cerebral ischemia increases neurogenesis in the SVZ and DG (Arvidsson et al., 2002; Ohab et al., 

2006; Thored et al., 2006; Yamashita et al., 2006; Zhang et al., 2007). While most of the neural 

stem cells die shortly after proliferation, in human stroke patients, surviving neural stem cells in 

the SVZ can differentiate into neuroblasts and migrate into the olfactory bulb (OB) (Curtis et al, 

2007). The neuroblasts can further migrate to ischemic striatum and cortex and mature into 

functional neurons (Jin et al., 2003; Zhang et al., 2004; Kim et al., 2009; Tobin et al., 2014).  

Ischemic brain injury also results in a rapid increase of inflammatory cells such as neutrophils, 

monocytes and activated microglia in the damaged brain. These pro-inflammatory cells release 

and generate reactive oxygen species (ROS), cytokines and chemokines leading to detrimental 

effects after stroke (Chamorro and Hallenbeck, 2006; Wang et al., 2007; Lo et al., 2010). 

Myeloperoxidase (MPO) is a hemoprotein that is abundantly expressed by active neutrophils, 

monocytes, macrophages and microglia (Lau & Baldus, 2006). MPO has been implicated in 

stroke, Alzheimer’s disease and multiple sclerosis (Breckwoldt et al., 2008; Chen et al., 2008; 

Maki et al., 2009). MPO can generate free radicals by catalyzing the conversion of H2O2 and 

chloride into the potent hypochlorous acid (HOCl) which can generate tyrosyl radicals and 

oxidize lipid (Heinecke et al., 2002; Zhang et al., 2002). These MPO-derived oxidants trigger 

cellular dysfunction through its catalytic activity, which contributes to tissue injury (Nussbaum 

et al., 2013). MPO also has been found to delay neutrophil apoptosis and resolution of 
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inflammation (El Kebir and Filep; 2013). MPO itself can also function to recruit neutrophils 

(Klinke et al., 2011), propagating the inflammatory cascade. Elevated MPO expression has been 

found to persist for 21 days after stroke in a mouse model (Breckwoldt et al., 2008), and 

inhibiting MPO activity markedly decreased infarct size, even when given during the subacute 

stage of stroke (Forghani et al., 2014).  

While neurogenesis is increased after stroke, the relationship between inflammation and 

neurogenesis in stroke is currently not well understood (Tobin et al, 2014). However, it is known 

that the inflammatory endotoxin lipopolysaccharide (LPS) can increase microglial activation 

(Monje et al., 2003) and inhibit neurogenesis (Ekdahl et al., 2003; Cacci et al., 2008). Microglial 

activation and neutrophil infiltration can also produce pro-inflammatory cytokine such as IL-1β, 

tumor necrosis factor (TNF), and IL-6, which decrease newborn cell survival (Kohman and 

Rhodes, 2013). Further, TNF is upregulated in stroke and deletion of the TNF-R1 receptor 

enhances progenitor proliferation (Iosif et al., 2008). Therefore, we hypothesize that MPO, 

because of its key roles in inflammatory damage, impacts neurogenesis, and consequently its 

inhibition by the specific irreversible inhibitor 4-aminobenzoic acid hydrazide (ABAH) can 

increase neurogenesis after ischemic stroke.  

 

MATERIALS AND METHODS 

Animal Care 

The Massachusetts General Hospital Animal Care and Use Committee approved all 

animal experiments following National Institute of Health guidelines on the care and use of 

animals. C57BL/6J male mice (8-10 weeks, 23-25g) (n=167) and MPO-/- male mice (8-10 weeks, 

n=23, 13th generation backcross on the C57BL/6J background) were purchased from Jackson 
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Laboratory (Bar Harbor, MA, USA). Mice were divided randomly into three groups: (i) sham-

operated control animals (n=53), (ii) ischemia induced by transient middle cerebral artery 

occlusion (tMCAO) followed by saline-treatment (n=57), and (iii) tMCAO-induced ischemia 

followed by ABAH-treatment (n=57). Male mice 8-10 weeks of age were used in the 

experiments. Food and water were freely accessible to the mice and the holding rooms were 

maintained on a 12 h light/dark cycle. Mice were tested for neurobehavioral deficits and then 

sacrificed on day 7 or 21 after tMCAO for immunohistochemistry.   

Focal Cerebral ischemia model 

Focal cerebral ischemia was induced by transiently occluding the right middle cerebral 

artery for 30 min followed by reperfusion in mice as described previously (Breckwoldt et al, 

2008). The mice were anesthetized by 1.5-2.0% isoflurane (Baxter health care corporation, 

Deerfield, IL, USA) with mixture of 30% O2 and 70% N2O as described previously.  Under a 

dissecting microscope, a ventral midline neck incision was performed and the right carotid 

bifurcation was exposed. We carefully isolated the common carotid artery (CCA), external 

carotid artery (ECA) and internal carotid artery (ICA) from surrounding connective tissues. A 

small nick was made in the ECA stump and a 7-0 fine surgical nylon monofilament (diameter 

0.19-0.20 mm) coated with silicon (Cat # 7019PK5Re, Doccol Co., Sharon, MA, USA) was 

inserted into the right ICA lumen through the ECA stump and advanced up to the MCA origin at 

the Circle of Willis. To monitor local blood flow in the MCA territory, we placed the microtip  

perpendicularly glued on the surface of the ischemic right parietal skull. The coordinates of the 

Laser-Doppler placement was 5 mm lateral and 1mm posterior to the bregma. We confirmed 

severe regional cerebral blood flow (rCBF) reduction by using Laser Doppler Flowmetry (LDF) 

(AD instruments, model: ML191, Colorado Springs, CO, USA). The LDF reduction was 
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normalized to the starting baseline.  After 30 min occlusion, the suture was gently withdrawn for 

reperfusion and then ECA was ligated. Reperfusion was confirmed by increase of rCBF 

(approximately 70% ratio), which reached pre-ischemic level within 5 min. During the surgery, 

mice were maintained at 37°C by using heating pad (FHC Bowdoinham, ME, USA). After that, 

mice were kept in an incubator and allowed to recovery for 2 h at 35°C. Sham-operated animals 

were treated identically except suture was not inserted in the mice.  

 ABAH treatment and BrdU administration 

 The specific irreversible MPO inhibitor, 4-amino benzoic acid hydrazide (ABAH, 40 

mg/kg, Sigma-Aldrich, St Louis, MO) was intraperitoneally administrated to the treated groups 

at 8 h after stroke and then twice daily up to day 7 or 21 following stroke (ABAH structure, 

Supplementary Fig. 1A). Another group of mice was treated with normal saline as control on the 

same schedule. The optimal ABAH dose has been determined in prior studies and results in ~40% 

attenuation of MPO activity in vivo (Forghani et al., 2012; 2014). To determine cell proliferation, 

the thymidine analog, 5-bromo-2'-deoxyuridine (BrdU, 50 mg/kg in 0.9% saline, i.p., Sigma-

Aldrich, St. Louis, MO) was administered twice daily from day 3 to day 7 after focal ischemia, 

and sacrificed on day 7. Another group was injected with BrdU from day 14 to day 21 after 

tMCAO and sacrificed on day 21 for immunostaining (Kim et al., 2009). In addition, we also 

performed Ki67 staining as another means to detect proliferating cells (see below). A schematic 

diagram showing the treatment regimens is shown in Supplementary Fig. 1B & C.  

Immunohistochemistry 

After deep anesthesia, mice were transcardially perfused with ice-cold phosphate 

buffered saline (PBS, pH 7.4). Brain tissues were submerged in dry ice-pre-cooled isopentane 

(Sigma-Aldrich) and stored in a -80 ∘C freezer. Brains were cut into serial coronal sections (20 
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µm) with a cryostat (Microm International GmbH, Model: HM 505 E, Walldorf, Germany) and 

stored in a -80°C freezer. Sections were fixed with 4% paraformaldehyde (PFA) for 15 min and 

washed three times for 10 min with PBS 0.1M (pH7.4). BrdU staining was performed in 2N HCl 

for 30 min to denature DNA and then with 0.1M boric acid (pH. 8.5) for 10 min.  

After that the sections were incubated with a blocking solutions containing 0.1% Triton-

X and 5% normal goat serum in PBS for 1 h at room temperature. The following primary 

antibodies were used in the immunostaining: rat anti-BrdU (1:100, Accurate Chemicals, 

Westbury, NY, USA), rabbit anti-doublecortin (1:250, Abcam, Cambridge, MA, USA), mouse 

anti-Nestin (1:200, Abcam), mouse anti-glial fibrillary  acidic protein (GFAP) (1:500, Covance, 

Inc. Nashville, TN, USA), rabbit anti-Ki67 (1:200, Millipore, Billerica, MA, USA), rabbit anti-

brain-derived neurotrophic factor (BDNF, 1:200, Millipore), rabbit anti-pCREB (Ser 133) (1:200, 

Millipore), rabbit anti-acetylated H3 (AcH3, 1:200, Millipore), mouse anti-NeuN (1: 200, 

Millipore), anti-ionized calcium binding adaptor molecule 1 (Iba-1, for microglia/macrophage) 

(1:250, Wako Pure Chemical Industries, Ltd., Oska, Japan), rat anti-ED1 (CD68, for 

monocytes/macrophage, 1:200, Bio-Rad Lab., Inc., Hercules, California, USA), rabbit anti-

matrix metalloproteinase-9 (MMP-9, 1:200, Abcam) and rabbit anti-CXC chemokine receptor-4 

(CXCR4) (1:250, Abcam). Brain sections were incubated overnight with primary antibody at 

4°C and rinsed with PBS 3 times. Brain tissues were incubated with the secondary antibodies in 

humidified chambers for 2 h at room temperature. Conjugated secondary antibodies were linked 

with anti-rat Alexa fluor 555  (1:1000, Invitrogen, Eugene, OR, USA), anti-rabbit Alexa fluor 

488 (1:500, Invitrogen), anti-rabbit FITC and anti-mouse FITC (1:200, Jackson Immuno 

Research Laboratories, West Grove, PA, USA) depending on the primary antibody. Brain 

sections were washed three times for 10 min with PBS, mounted on super frost slides with 
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Fluorescent Mounting Medium (Vector Laboratories, Inc., Burlingame, CA, USA) and coverslip. 

Negative controls performed same procedures without primary antibodies and showed no 

specific staining.  For immunohistochemistry, at least 3 animals were used for BrdU, GFAP, 

Ki67, Nestin, AcH3, BDNF, pCREB, CXCR4 and MPO immunostaining on day 7 or 21 post 

stroke, respectively. 

Quantitative analysis for immunostaining 

 Images were acquired by fluorescence microscopy using the 40� objective lens (Nikon, 

Nikon Eclipse 80i, Japan) and various neural stem cell markers were analyzed in the ipsilateral 

hemispheres. We also performed BrdU staining on the SVZ and striatum of the contralateral 

hemisphere as control. Measurements in the areas of the SVZ, anterior SVZ (aSVZ), striatum 

and parietal cortex were made using three to five sections per animal (each group, n=3-4 mice). 

In the SVZ, BrdU, GFAP and other labeled cells were examined along the lateral walls of the 

lateral ventricles, corresponding to coronal coordinates bregma -0.30 to bregma -1.2 mm 

(Supplementary Fig. 2A). In the DG, BrdU, GFAP-labeled cells were analyzed within the inner 

edge of the granule cell layer of the dentate gyrus corresponding to bregma -4.52 to bregma -3.14 

(Supplementary Fig. 2B). Single labeling of BrdU+ and double labeling of BrdU+/GFAP+, 

BrdU+/Nestin+, BrdU+/DCX+, BrdU+/BDNF+, BrdU+/p-CREB+, BrdU+/acetylated H3+(AcH3), 

and BrdU+/NeuN+ cells were investigated in the ischemic brains on day 7 or 21 after tMCAO.  

Statistical analysis  

 The data were analyzed using the GraphPad Software (Prism 6, Graph Pad Inc., La Jolla, 

CA, USA). Data were shown as mean ± SEM and a p-value less than 0.05 was considered as 

statistically significant. Between two groups, we used the student’s t test. For multiple 

comparisons, we performed one way-ANOVA followed by Bonferroni’s post-hoc test. Pearson’s 
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correlation was computed for BrdU and 8-point behavior scores by linear regression. The 

number of mice used for each group was calculated to achieve a power of 90% (30% difference 

in means and standard deviation of 15% based on our prior experience using this model 

(Forghani et al, 2014)), resulting in n = 3 per group. 

 

RESULTS 

MPO inhibtion increased cell proliferation in the SVZ and striatum after stroke                                           

Vehicle-treated stroke mice showed reduced 8-point neurological test scores up to day 21 

(Forghani et al., 2014). In contradistinction, ABAH-treated stroke mice showed significantly 

improved 8-point test scores compared to vehicle-treated stroke mice, persisting to day 21 (p < 

0.001, n=12 in each group). As expected, sham-operated animals showed no functional 

impairment at all the time points. There was no significant difference between animal groups in 

the mean Laser Doppler flow (LDF) values during stroke induction (Supplementary Fig. 3, 11.6 

± 0.9 versus (vs.) 11.8 ± 0.9 in the vehicle (n=30) vs. ABAH (n=30); p= 0.90). Thus, similar to 

our previous findings (Forghani et al., 2014), MPO inhibition improved functional outcome on 

our battery of behavioral tests covering motor, sensory and reflex functions. While the dominant 

mechanism for the improvement is from direct inhibition of MPO activity, we wondered whether 

neurogenesis increased given emerging associations between neuroinflammation and 

neurogenesis (Tobin et al., 2014). 

  We first evaluated cell proliferation using BrdU and Ki67. We chose to detect both 

markers because BrdU detects the S phase in DNA synthesis but Ki67 is expressed in all phases 

of the cell cycle (G1, S, M and G2) except the resting stage (G0) (Taupin, 2007). As expected, 

sham-treated mice brains contained only a few BrdU+ cells (Fig. 1A (i), B & D), and vehicle-
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treated ischemic mice showed a slightly increased number of BrdU+ cells in the SVZ compared 

to that of sham control mice (Fig. 1B & D). However, MPO inhibition with ABAH markedly 

increased the number of BrdU+ cells in the ipsilateral SVZ and striatum compared to vehicle-

treated group on day 7 after stroke (Fig. 1. A & C). As expected, the number of BrdU+ cells in 

the contralateral hemispheres of sham-operated, vehicle-treated, and ABAH-treated animals did 

not increase compared to that in the ipsilateral hemisphere of sham-operated animals (Fig. 1 A & 

C). Quantified results for BrdU+ cells in the ipsilateral SVZ (Fig. 1B) confirmed the increase in 

ABAH (n=7) vs. vehicle (n=7) treated stroke animals (11 ± 0.8 (vehicle) vs. 66.7 ± 3.0 (ABAH) 

cells/high power field (HPF=40X); p < 0.001). Similar findings were found for the ipsilateral 

striatum (Fig. 1D, 38.3 ± 0.7 vs. 72.7 ± 7.8 cells/HPF, vehicle (n=3) vs. ABAH (n=3); p < 0.001). 

The number of BrdU+ cells was also increased following ABAH treatment in the ipsilateral 

aSVZ and parietal cortex on day 7 after stroke, respectively (Fig. 2B &D. aSVZ; 11.14 ± 0.9 vs. 

39.4 ± 13 cells/HPF, p < 0.001. Pcox; 35.7 ± 10.3 vs. 62.3 ± 1.9 cells/HPF, p < 0.05, vehicle 

(n=7) vs. ABAH (n=7). Interestingly, ABAH treatment increased cell proliferation in the 

ipsilateral SVZ even 21 days after stroke. (Supplementary Fig. 4, 9.0 ± 1.7 vs. 44 ± 6.0 cells/HPF, 

vehicle (n=3) vs. ABAH (n=3); p < 0.001). There were also increased BrdU+ cells in the OB of 

ABAH-treated stroke mice compared to vehicle-treated stroke mice (10%, data not shown). 

Similarly, there were more Ki67+ cells in the ipsilateral SVZ on days 7 and 21 in ABAH-treated 

mice compared to those in vehicle-treated animals, respectively (Fig. 1E (i &-ii). Quantified 

results showed that ABAH treatment significantly increased the number of Ki67+ cells compared 

to vehicle-treated animals on day 7 after stroke  (Fig. 1F, 10.7 ± 0.7 vs. 32.0 ± 4.2 cells/HPF, 

vehicle (n=3) vs. ABAH (n=3); p  < 0.01). On day 21 after stroke, Ki67+ cells remain elevated 
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after ABAH treatment (10.3 ± 2.8 vs. 30.0 ± 1.7 cells/HPF, vehicle (n=3) vs. ABAH (n=3); p < 

0.01).  

ABAH treatment increased neurogenesis in the ischemic brains.  

         Multipotent GFAP-expressing progenitors (Type B cells) function as neurogenic stem cells 

in SVZ or DG, and astrocyte-NSC generate transit-amplifying progenitors, which then 

differentiate to neuroblasts or neurons (Garcia et al., 2004). Ablation of dividing GFAP-

expressing cells abolishes neuroblast and newborn cells in DG (Garcia et al., 2004). Therefore, 

we used GFAP (an astrocyte marker) colocalized with BrdU to identify NSCs. We found that                        

ABAH treatment increased the number of BrdU+/GFAP+ cells in the SVZ compared to vehicle-

treated mice on day 7 post ischemia (Fig. 3A(i), B(i)), indicating an increase in neural stem cells. 

Quantified analysis confirmed these effects in the ipsilateral SVZ after stroke (Fig. 3C; 1.0 ± 0.6 

vs. 21.3 ± 2.3 cells/HPF, vehicle (n=3) vs. ABAH (n=3); p < 0.001). On day 21 after stroke, 

ABAH treatment also increased the number of BrdU+/GFAP+ cells compared to vehicle-treated 

mice (21%, data not shown) in the ischemic subgranular layer (SGL) of the dentate gyrus (DG). 

     We also investigated the effects of ABAH on the expression of Nestin, a marker for 

neuroprogenitors such as type1 and type 2a cells. On day 7 after ABAH treatment, the number of 

BrdU+/Nestin+ cells increased compared to vehicle-treated stroke mice in the ipsilateral striatum 

(Fig. 3A (ii) & B (ii)). Interestingly, ABAH treatment also increased the number of Nestin+ cells 

that already moved to the striatum on day 7 after stroke  Quantified results of BrdU+/Nestin+ 

cells are shown in Fig. 3D; 1.0 ± 3.5 vs. 6.7 ± 0.9 cells/HPF, vehicle (n=3) vs. ABAH (n=3); p < 

0.01).  

Doublecortin (DCX)-expressing immature neuronal cells are found in the adult brain 

after stroke (Brown et al., 2003; Ohab et al., 2006). Animals treated with ABAH showed an 
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increase in the number of BrdU-DCX double-positive cells compared to vehicle-treatment in the 

ipsilateral SVZ on day 7 after stroke (Fig. 3A (iii), 3B (iii), and 3E; 4.3 ± 0.9 vs. 35 ± 7.6 

cells/HPF, vehicle (n=3) vs. ABAH (n=3); p < 0.01). Sham-treated mice brains showed only a 

few GFAP+, Nestin+, and DCX+ cells in the ischemic hemisphere. Taken together, our results 

revealed that MPO inhibition enhanced neurogenesis and increased neural stem cells, 

neuroprogenitors, and neuroblast populations.  

MPO inhibition increased BDNF, p-CREB, AcH3, CXCR4, and NeuN in the ischemic brain 

      Brain-derived neurotrophic factor (BDNF) is a mitogenic factor that promotes the 

migration of NSC, enhances SVZ neuronal progenitor cell proliferation, neurogenesis and 

behavioral recovery (Benrasis et al., 2001; Chiamello et al., 2007; Kim et al., 2009; Ploughman, 

2009).  We next assessed whether ABAH treatment affects BDNF expression on day 7 post 

stroke. We found more BrdU+/BDNF+ cells in the ABAH-treated mice compared to vehicle-

treated mice in the ischemic SVZ after stroke, showing that MPO inhibition increases BDNF 

expression (Fig. 4A (i) & B (i)). Quantified data showed that the number of BrdU+/BDNF+ cells 

significantly increased in the ABAH-treated animals on day 7 after tMCAO (Fig. 4C, 3.0 ± 1.5 

vs. 30 ± 5.8 cells/HPF, vehicle (n=3) vs. ABAH (n=3); p  < 0.01).  

c-AMP response-element-binding protein (CREB) (Ser 133) activation increases survival 

of ischemia-induced neuronal precursors (Zhu et al., 2004; Giachino et al., 2005). ABAH 

treatment significantly increased the number of BrdU+/p-CREB+ (Ser 133) cells in the ischemic 

SVZ compared to vehicle-treated mice on day 7 post ischemia (Fig. 4A (ii) & B(ii)). Quantified 

result of BrdU+/p-CREB+ (Ser 133) cells in the SVZ are shown in Fig. 4D (7.3 ± 2.7 vs. 39.7 ± 

6.7 cells/HPF, vehicle (n=3) vs ABAH (n=3); p < 0.01). Similarly, on day 21 after stroke, ABAH 

treatment increased the number of BrdU+/p-CREB+ cells compared to vehicle-treated control 
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mice in the SVZ (29%, data not shown). Therefore, MPO inhibition increased key factors in 

neurogenesis in the BDNF-p-CREB signaling pathway.  

An increase in histone acetylation is important for neuronal lineage progression of neural 

progenitor cells. We found that ABAH treatment increased the number of BrdU+/AcH3+ cells 

compared to vehicle-treated mice in the ipsilateral SVZ on day 7 post strokes. Most BrdU+ cells 

colocalized with AcH3+ cells in this region (Fig. 4A (iii), B (iii), and 4E; 7.7 ± 0.7 vs. 35 ± 4.0 

cells/HPF, vehicle (n=3) vs. ABAH (n=3); p < 0.001). 

CXCR4, a receptor of chemokine stromal cell-derived factor 1, is expressed in 

neuroprogenitors and migrating neuroblasts in the ischemic hemisphere. ABAH treatment 

increased CXCR4+ cells in the ipsilateral SVZ compared with vehicle-treated animals on day 7 

post stroke, suggesting that MPO inhibition may contribute to NSC/progenitors migration in the 

damaged brain cell homing and migration (Fig. 4F).  

Next, we investigated whether ABAH treatment increases NeuN (a mature neuronal 

marker)-positive cells after stroke. Treatment with ABAH for 7 days markedly enhanced the 

number of BrdU+/NeuN+ cells in the ipsilateral aSVZ and SVZ compared to sham-operated or 

vehicle-treated control animals (Fig. 5A-E). Quantified results of BrdU+/NeuN+ cells in the 

ipsilateral aSVZ confirmed this finding. Interestingly, most of the BrdU+ cells colocalized with 

NeuN+ cells in the aSVZ of ABAH-treated mice. (Fig. 5C, 2.7 ± 0.3 vs. 26 ± 4.4 cells/HPF, 

vehicle (n=3) vs. ABAH (n=3); p < 0.01). In the aSVZ, ABAH treatment also significantly 

increased the number of NeuN+ cells compared to vehicle-treated animals (7.0 ± 0.58 cells/HPF 

vehicle (n=3) vs. 26.3 ± 3.5 cells/HPF ABAH (n=3); p < 0.01). We confirmed similar effects in 

the ipsilateral SVZ (Fig. 5D). Quantified results of BrdU+/NeuN+ cells in the ipsilateral SVZ 

confirmed these observations (Fig. 5E, 2.0 ± 0.58 vs 13.3 ± 4.3 cells/HPF, vehicle (n=3) vs. 
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ABAH (n=3); p  < 0.05). The number of NeuN+ cells in the ipsilateral SVZ also increased with 

ABAH treatment (14.3 ± 1.9 vs. 23 ± 0.6 cells/HPF, vehicle (n=3) vs. ABAH (n=3); p < 0.01).  

MPO inhibition decreased the number of inflammatory cells and MMP-9 in the ischemic 

brain 

We next determined whether MPO inhibition affects inflammatory cell recruitment and 

inflammatory mediators such as MMP-9. Iba-1 is a marker for myeloid cells and has a role in 

microglia activation and phagocytosis (Fumagalli et al., 2015). Amoeboid-shaped and 

hypertrophic Iba-1+ cells were mainly observed in the ipsilateral striatum. ABAH treatment 

markedly reduced the number of Iba-1+ cells compared with vehicle-treated control (Fig. 6, day 

7: 23.7 ± 1.7 vs. 10.3 ± 0.7 cells/HPF, vehicle (n=3) vs. ABAH (n=3); p < 0.001 and day 21: 

13.3 ± 0.3 vs. 3.7 ± 0.7 cells/HPF, vehicle (n=3) vs. ABAH (n=3); p < 0.001).  Additionally, we 

investigated the effects of ABAH treatment on the ED1 (CD68)-positive cells, a marker for 

monocytes/macrophages. ED1+ cells were detected in the ischemic striatum, and these cells were 

decreased by ABAH treatment on day 7 after stroke (Fig. 6A (iii) & D, 29.3 ± 1.2 vs. 18.0 ± 0.6 

cells/HPF, vehicle (n=3) vs. ABAH (n=3); p < 0.001).  

Matrix metalloproteinases (MMPs) also play a crucial role in brain inflammation by 

increasing BBB permeability through destruction of extracellular matrix (Park et al., 2009). 

Neutrophil infiltration contributes to the increase matrix metalloproteinase-9 (MMP-9) in the 

ischemic brain (Justicia et al., 2003) in stroke patients (Lo et al., 2003). We found that post-

ABAH administration MMP-9+ cells decreased compared to those of vehicle-treated animals in 

the ipsilateral striatum on day 7 post-stroke (Fig. 6A (iv), j-l). Quantified result was shown in Fig. 

6E (23.3 ± 3.8 vs. 9.0 ± 2.5 cells/HPF, vehicle (n=3) vs. ABAH (n=3); p < 0.05). Our findings 
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revealed that post-insult ABAH treatment decreased inflammatory cell recruitment and BBB 

disruption.  

MPO-/- stroke mice show increased cell proliferation and improved functional recovery after 

stroke                                                                                                                     

Corroborating our hypothesis, MPO-/- stroke mice also showed increased number of 

BrdU+ cells in the vehicle-treated group in the ipsilateral SVZ and striatum (Fig. 7A & B). To 

further determine whether the observed results were specifically due to ABAH’s effect on MPO, 

we gave MPO-/- mice either ABAH or saline. There was no significant difference between the 

treatment groups in MPO-/- mice in both the ipsilateral SVZ (Fig. 7C, 18.7 ± 3.7 vs. 19 ± 2.3 

cells/HPF, vehicle (n=3) vs. ABAH (n=3); p > 0.05) and the striatum on day 7 after stroke (Fig. 

6D, 22.3 ± 8.0 vs. 31.3 ± 2.8 cells/HPF, vehicle (n=3) vs. ABAH (n=3); p > 0.05). In 

contradistinction, in wild-type stroke mice there was marked increase in the number of BrdU+ 

cells after ABAH treatment in both the SVZ and striatum (p < 0.001).  

Next, we investigated whether MPO-/- mice demonstrate improved functional recovery 

after stroke using the 8-point test. MPO-/- stroke mice given either ABAH or saline showed no 

neurobehavioral difference up to day 21 following cerebral ischemia (Fig. 8A). Furthermore, 

sham-induced wild type mice given saline or ABAH also demonstrated no neurobehavioral 

difference between the two groups (Fig. 8B). These results confirmed that ABAH treatment with 

MPO-/- mice does not have additional effects other than MPO inhibition, and the changes we 

observed with ABAH treatment in WT stroke mice were due to ABAH’s effect on MPO. 

We also performed correlational analysis between BrdU+ cells and 8-point scores on day 

7 after stroke. We found that higher number of BrdU+ cells was correlated with better 
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neurological outcome (r = 0.86, p < 0.001, Fig. 8C), and ABAH-treated stroke animals had more 

proliferating cells and better neurological outcome. 

 

DISCUSSION 

We had previously shown that MPO inhibition or congenital absence both led to a large 

reduction in infarct size (Forghani et al, 2014). The present work reveals that inhibiting the 

inflammatory enzyme MPO with the specific irreversible inhibitor ABAH not only resulted in 

decreased inflammatory cell recruitment and inflammatory mediators, but also decreased 

promotes cell proliferation and NSC/progenitor migration, and enhances neuronal differentiation 

leading to increased neurogenesis in the ischemic SVZ, aSVZ, striatum and cortex. We found 

that MPO inhibition increased markers for neurogenesis, including BrdU+, GFAP+, Ki 67+, 

Nestin+, DCX+, BDNF+, p-CREB+ (Ser133) and AcH3+ cells in the ipsilateral SVZ, striatum and 

DG after ischemia, establishing an inverse relationship between MPO activity and neurogenesis. 

By treating ischemic MPO-/- mice with either ABAH or saline and finding no difference in the 

number of BrdU+ cells or functional outcome, we confirmed that it was the absence or inhibition 

of MPO, rather than nonspecific effects of ABAH, that resulted in the observed effects on 

neurogenesis. Interestingly, MPO appears to be involved in all stages of neurogenesis. This is 

likely attributed to the presence of MPO even up to day 21 after stroke (Breckwoldt et al, 2008) 

that would continue to adversely affect neurogenesis when present.  

BDNF is involved in neurogenesis, migration, maturation, and survival of newborn cells 

in the striatum after ischemic injury (Benraiss et al. 2001; Pencea et al., 2001). Additionally, 

BDNF-TrkB signaling cascade is a positive regulator of neurogenesis and oligodendrogenesis in 

the ipsilateral SVZ and DG, and can result in anti-inflammatory effects and contribute to 
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behavioral improvement after permanent MCAO in rats (Kim et al., 2009; Bath and Lee, 2010; 

Kim et al., 2014). Activation of CREB (Ser133) by phosphorylation also stimulates neurogenesis 

in the ischemic DG after focal ischemia in rodents (Zhu et al. 2004). Our results demonstrated 

that MPO inhibition increased BDNF-CREB signaling cascade, indicating MPO activity 

negatively affects this neurogenesis-signaling pathway. Elevated oxidative stress in stroke can 

reduce histone acetylation expression, important for gene regulation. Histone deacetylase 

(HDAC) inhibitors enhanced histone acetylation including acetylated H3 (AcH3) or acetylated 

H4 (AcH4) after stroke (Kim et al., 2007; Kim et al., 2009).  HDAC inhibitors such as valproic 

acid and butyrate also can decrease MPO activity in LPS-induced lung injury (Ni et al., 2010; Ji 

et al., 2013). Indeed, we found MPO inhibition restored histone acetylation, known to result in 

more opened chromatin structure and induce NSC/progenitor production (Kim et al. 2009).  

In addition, we found that higher number of BrdU+ cells correlated with better behavioral 

outcome, suggesting that improving neurogenesis is associated with neurological improvement. 

 While we found that MPO activity adversely impacts neurogenesis after stroke, how 

MPO activity exerts its effects on neurogenesis is likely complex and beyond the scope of this 

current study. Nonetheless, one can hypothesize that MPO activity increases inflammation that is 

detrimental to neurogenesis. In addition to direct cytotoxic effects of MPO activity, elevated 

MPO activity increases levels of ROS, MMP, inducible nitric oxide synthase (iNOS), and 

inflammatory cytokines (e.g., IL-1β, TNF-α) (Ekdahl et al., 2003; Monje et al., 2003; Cacci et al., 

2008), creating an environment that is hostile to newborn cells. MPO inhibition can reduce these 

inflammatory mediators. Indeed, we found that MPO inhibition decreased MMP-9 levels in the 

infarct (Fig. 6E). Furthermore, we found that ABAH treatment decreased the number of 

inflammatory cells in the ischemic areas (Fig. 6), likely as a result of reduced inflammation. 
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Thus, these direct and indirect effects of MPO inhibition combine to provide an environment that 

is more friendly for neurogenesis in the ischemic brain.  

 NADPH oxidase (NOX) is an important pro-oxidant enzyme and triggers the generation 

of superoxide anion (O2
-) and H2O2, which are major sources of ROS (Bedard and Krause 2007).  

The ablation of NOX2 in gp91phox-/- mice markedly reduced infarct size and inflammation 

compared to WT mice (Chen et al., 2009; Wang et al., 2013). Inhibition of NOX by apocynin 

treatment reduced ROS, neuroprotective effect and improves functional outcome in MCAO 

(Tang et al., 2007). Interestingly, neural progenitors use NOX derived H2O2 to maintain 

neurogenesis (Dickinson et al., 2011; Le Belle et al., 2011), showing that NOX has beneficial 

roles in ischemic injury. MPO acts downstream of NOX and unlike the membrane-bound NOX, 

MPO is secreted extracellularly where it can cause damage away from the source. NADPH 

oxidase deficiency leads to the often lethal chronic granulomatous disease (CGD) in human and 

CGD like-phenotype in mice (Nakano et al., 2008; Sorce and Krause 2009).  On the other hand, 

MPO deficiency has not been found to significantly impact mortality (Kutter, 1998; Lanza, 1998; 

Kutter, 2000), making MPO a potential target for human translation. Neural stem cells and 

neural precursor cells can undergo asymmetric cell division and maintain NSC pools, allowing 

for damaged brain repair (Tobin et al., 2014). Thus, part of the beneficial effects of MPO 

inhibition may be from increased neurogenesis. While no clinically-approved drug is available to 

specifically inhibit MPO, several preclinical candidates are in development and one candidate 

has completed a phase IIa trial (Churg et al., 2012; Forbes LV et al., 2013; Ward J et al., 2013).  

Interestingly, we found that partial inhibition of MPO by ABAH led to a greater increase of 

BrdU+ cells, up to ~70 cells (Fig. 1B). In contrast, congenital absence of MPO only increased 

BrdU+ cells to ~20 cells (Fig. 7A-D). This suggests that congenital deletion of MPO is less 
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favorable to cell proliferation compared to pharmacological partial (~40% with ABAH) 

inhibition of MPO (Forghani et al., 2014).  Indeed, several studies have found that MPO-

deficient mice have altered immune responses, including increased nitric oxide and T-

lymphocytes levels that may adversely affect neurogenesis (Brennan et al., 2001, Kumar et al., 

2005). While we found increased neurogenesis associated with MPO inhibition, functional 

improvement with MPO inhibition was detected within 1 day after stroke (Forghani et al., 2014), 

suggesting that ABAH has neuroprotective effects prior to the onset of neurogenesis. We are 

currently also investigating this aspect of MPO inhibition. Taken together,  improving our 

understanding of the actions of MPO and consequences of its inhibition in stroke, which resulted 

in improved functional recovery and neurogenesis, could spur further development of this new 

class of drugs to treat stroke patients. 

 

 CONCLUSION 

 Our findings indicate that MPO activity is inversely related to neurogenesis and possibly 

neurological outcome. MPO inhibition or deficiency in stroke, along with the associated effects 

on inflammation, creates an environment that stimulates important endogenous resources to 

promote many aspects of neurogenesis, including cell proliferation, differentiation, migration 

and newborn cell survival, providing evidence that links MPO-mediated inflammation with 

neurogenesis in stroke. 
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Figures Legends 

Fig. 1. MPO inhibition increased cell proliferation in the ischemic brain on day 7 after tMCAO.  

(A) BrdU staining in the SVZ in sham, vehicle-treated, and ABAH-treated tMCAO mice. BrdU+ 

(red), DAPI+ (blue), Merge (BrdU+/DAPI+). LV: lateral ventricle, SVZ: subventricluar zone, 

Contra = contralateral hemispheres. Arrows identify BrdU-positive cells. (B) Quantification of 

(A). Sham, vehicle- and ABAH-treated mice (n=7 in each group). (C) BrdU staining in the 

ipsilateral striatum in sham, vehicle-treated and ABAH-treated tMCAO mice. Contra = 

contralateral hemispheres.  (D) Quantification of (C). Sham, vehicle- and ABAH-treated mice 

(n=3 in each group). (E) Ki67 staining in the ipsilateral SVZ in sham, vehicle-treated, and 

ABAH-treated mice on day 7 or 21 day after stroke. BrdU+ (red), Ki67+ (green), DAPI+ (blue). 

Arrows identify Ki67-positive cells. Magnification, �40.  Scale bar, 50 µm. In the merged 

images, arrowheads indicate cells with co-localized expression of BrdU and Ki67. Scale bar, 25 

µm. (F) Quantification of (E). Sham, vehicle- and ABAH-treated mice (n=3 in each group). Data 

are mean ± SEM. ANOVA followed by Bonferroni’s post-hoc test. * p < 0.05, ** p < 0.01, *** p 

< 0.001.  

 

Fig. 2.  MPO inhibition increased cell proliferation in the ischemic aSVZ on day 7 after tMCAO. 

(A) BrdU staining in the ipsilateral aSVZ in sham, vehicle-treated, and ABAH-treated tMCAO 

mice. BrdU+ (red), DAPI+ (blue). Merge (BrdU+/DAPI+). LV: lateral ventricle, aSVZ: anterior 

subventricluar zone. Arrows identify BrdU-positive cells. (B) Quantification of (A). Sham, 

vehicle- and ABAH-treated mice (n=7 in each group). (C) BrdU staining in the ipsilateral 

parietal cortex in sham, vehicle-treated and ABAH-treated tMCAO mice. (D) Quantification of 

(C). Sham, vehicle- and ABAH-treated mice (n=3 in each group). Magnification, �40.  Scale bar, 
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50 µm. Data analyzed from 3 animals per group. Data are mean ± SEM. ANOVA followed by 

Bonferroni’s post-hoc test. * p < 0.05, *** p < 0.001, ns: no significant.  

 

Fig. 3. ABAH treatment increased neurogenesis on day 7 after stroke. 

(A) ABAH treatment markedly increased 5-bromo-2’deoxyuridine (BrdU) labeling with 

increased expression of glial fibrillary acidic protein (GFAP), Nestin, and doublecortin (DCX) in 

the ipsilateral subventricular zone (SVZ) or striatum (Str) compared with saline-treated mice.  

(i) BrdU+(red)/GFAP+(green)/DAPI+ (blue). (ii) BrdU+ (red)/Nestin+(green)/DAPI+(blue). (iii) 

BrdU+(red)/DCX+(green)/DAPI+(blue). Images are representative from 3-4 mice in each group. 

Magnification, �60 (GFAP), Scale bar, 50 µm. Magnification, �40 (BrdU, Nestin, DCX). Scale 

bar, 50 µm. (B) High-magnification images of the boxed areas in (A). BrdU+(red), GFAP+, 

Nestin+, DCX+ (green) and DAPI+ (blue). (i, ii). Scale bar, 50 µm. (iii) Scale bar, 25 µm. (C) 

Quantification of BrdU+/GFAP+ cells in the ipsilateral SVZ of sham (n=3), vehicle- (n=3) and 

ABAH-treated (n=3) tMCAO mice. (D) Quantification of BrdU+/Nestin+ cells in the ipsilateral 

striatum of sham (n=3), vehicle- (n=3) and ABAH-treated (n=3) tMCAO mice. (E) 

Quantification of BrdU+/DCX+ cells in the ipsilateral SVZ of sham (n=3), vehicle- (n=3) and 

ABAH-treated (n=3) tMCAO mice. Data are mean ± SEM; ** p < 0.01, *** p < 0.001. 

 

Fig. 4. ABAH treatment increased BDNF, p-CREB, Acetylated H3, and CXCR4-positive 

immunostaining in the SVZ on days 7 after tMCAO. 

(A) Immunostaining for BDNF, p-CREB, and AcH3. BrdU+ (red), DAPI+ (blue). (i) BDNF+ 

(green). (ii) p-CREB+ (green). (iii) AcH3+ (green). Magnification, �40. Scale bar, 50 µm. (B) 

High-magnification images of the boxed areas in (A) from the ABAH treated group. Arrowheads 
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identify cells with co-localized expression. (i) Scale bar, 50 µm. (ii) Sclae bar, 30 µm. (iii) Sclae 

bar, 40 µm. (C) Quantification of BrdU+/BDNF+ cells. Sham, vehicle- and ABAH-treated mice 

(n=3 in each group). (D) Quantification of BrdU+/p-CREB+ cells. Sham, vehicle- and ABAH-

treated mice (n=3 in each group). (E) Quantification of BrdU+/AcH3+ cells. Sham, vehicle- and 

ABAH-treated mice (n=3 in each group). Data are mean ± SEM; ** p < 0.01, *** p < 0.001. (F) 

(i) Immunostaining for chemokine receptor 4 (CXCR4) in the ipsilateral SVZ on day 7 after 

stroke. (ii) High-magnification images of the boxed areas in (i) ABAH-treated group. CXCR4 

(green), DAPI (blue). Arrows indicate CXCR4+ cells. Scale bar, 25 µm. LV, lateral ventricle; 

SVZ, subventricular zone.  

 

Fig. 5. ABAH treatment increased the number of BrdU+/NeuN+ cells in the aSVZ and SVZ on 

day 7 after tMCAO mice. (A) Immunostaining of BrdU+/NeuN+ cells in the ipsilateral aSVZ in 

sham, vehicle-treated, and ABAH-treated tMCAO mice. Images are representative from 3-4 mice 

in each group. Magnification, �40. Scale bar, 50 µm. (B) High-magnification images of the 

boxed areas in ABAH-treated mice. BrdU+ (red), NeuN+(green) and DAPI+ (blue). Arrowheads 

indicate cells with co-localized expression. (C) Quantification of (A). Sham, vehicle- and 

ABAH-treated mice (n=3 in each group). (D) Immunostaining of BrdU+/NeuN+ cells in the 

ipsilateral SVZ (top) and contralateral SVZ (bottom) in sham, vehicle-treated, and ABAH-treated 

tMCAO mice, respectively. (E) Quantification of (D) SVZ in BrdU+/NeuN+ colocalization data. 

Sham, vehicle- and ABAH-treated mice (n=3 in each group). Data are mean ± SEM; * p < 0.05, 

** p < 0.01. 
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Fig. 6. Post-insult ABAH treatment decreased the number of Iba-1+, ED1+ and MMP-9+ cells on 

day 7 or day 21 after stroke. (A) (i) Immunostaining for Iba-1+ cells on day 7 after stroke. 

Striatum; (a) sham, Iba-1+ (green), (b) vehicle (c) ABAH. (ii) day 21 striatum; (d) sham, Iba-1+ 

(green), (e) vehicle, (f) ABAH. Arrows show Iba-1+ cells. (iii)-(iv). Immunostaining for ED1+ 

and MMP-9+ cells. Striatum, (g) sham, ED1+ (green) cells. (h) vehicle (i) ABAH. Arrows identify 

ED1+ cells. Striatum, (j) sham, MMP-9+ (green). (k) vehicle, (l) ABAH. Arrows identify MMP-

9+ cells. (B & C) Quantification of Iba-1+ cells in the ispilateral striatum on day 7 and 21 after 

stroke, respectively. (D &E) Quantification of ED1+ cells and MMP-9 + cells in the ipsilateral 

striatum on day 7 after stroke, respectively.  Data are mean ± SEM; * p < 0.05, ** p < 0.01, *** 

p < 0.001. n = 3 mice per group. Magnification, �40. Scale bar, 50 µm. 

Fig. 7. ABAH does not alter cell proliferation or neurobehavioral outcome in MPO-/- mice.  

(A) Stroke in MPO-/- mice increased cell proliferation compared to that of sham mice. Note that 

ABAH treatment in MPO-/- mice did not alter cell proliferation in the SVZ. Arrows indicate 

BrdU+ cells. BrdU+ (red), DAPI+ (blue), and Merge (BrdU+/DAPI+). Sham, vehicle- and ABAH-

treated mice (n=3 in each group). (B) Similar findings were found in the ipsilateral striatum in 

MPO -/- mice. Str: striatum. Arrows show BrdU+ cells. (Sham, vehicle- and ABAH-treated mice 

(n=3 in each group). Magnification, �40. Scale bar, 50 µm. ns = not significant. (C) Quantified 

result of BrdU-positive cells in the ipsilateral SVZ of MPO-/- mice and WT mice from  Fig.1B. & 

Fig. 6A. Sham (WT): n=3, vehicle (WT): n=3, ABAH (WT): n=3; Sham (MPO-/-): n=3; vehicle 

(MPO-/-): n=3; ABAH (MPO-/-): n=3). Data are mean ± SEM. ANOVA followed by Bonferroni’s 

post-hoc test. * p < 0.05, *** p < 0.001, ns; no significant, between indicated groups. SVZ: 

anterior subventricluar zone.  (D). Quantified result of BrdU-positive cells in the ipsilateral 

striatum of Fig.1D & Fig. 6B. Sham (WT): n=3, vehicle (WT): n=3, ABAH (WT): n=3, Sham 
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(MPO-/-): n=3, vehicle (MPO-/-): n=3; ABAH (MPO-/-): n=3). Data are mean ± SEM. ANOVA 

followed by Bonferroni’s post-hoc test.    *** p < 0.001, ns; no significant , between indicated 

groups.    

Fig. 8. MPO-/- mice showed beneficial effect in functional outcome and sham-operated mice no 

effect on behavioral function between groups. (A) MPO-/- mice demonstrated improved 8-point 

neurological scores compared to vehicle-treated WT mice after stroke (compare to 

Supplementary Fig. 3A), and ABAH administration did not have any effect in MPO-/- mice. (B) 

Sham mice also showed no difference in the neurological scores with ABAH or vehicle treatment. 

Experimental conditions are the same as in Supplementary Fig. 3A. (C) Correlational analysis 

between BrdU+ cell numbers and ABAH-treated 8-point behavioral score test on day 7 after 

stroke (n=14). Circles: vehicle-treated mice, triangles: ABAH-treated mice. r = 0.86, p < 0.001. 
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