
Copyright © 2020 the authors

Research Articles: Neurobiology of Disease

The mitochondria-derived peptide humanin
improves recovery from intracerebral
hemorrhage: implication of mitochondria
transfer and microglia phenotype change

https://doi.org/10.1523/JNEUROSCI.2212-19.2020

Cite as: J. Neurosci 2020; 10.1523/JNEUROSCI.2212-19.2020

Received: 5 September 2019
Revised: 7 January 2020
Accepted: 11 January 2020

This Early Release article has been peer-reviewed and accepted, but has not been through
the composition and copyediting processes. The final version may differ slightly in style or
formatting and will contain links to any extended data.

Alerts: Sign up at www.jneurosci.org/alerts to receive customized email alerts when the fully
formatted version of this article is published.



 

1 
 

The mitochondria-derived peptide humanin improves recovery from intracerebral 1 

hemorrhage: implication of mitochondria transfer and microglia phenotype change 2 

Abbreviated title: Humanin promotes microglial polarization  3 

 4 

Joo Eun Jung*, Guanghua Sun, Jesus Bautista Garrido, Lidiya Obertas, Alexis S Mobley,  5 

Shun-Ming Ting, Xiurong Zhao, Jaroslaw Aronowski* 6 

 7 

Department of Neurology, University of Texas Health Science Center at Houston, McGovern Medical 8 

School, Houston, TX 77030, USA 9 

 10 

*Corresponding authors:  11 

Joo Eun Jung, Department of Neurology, University of Texas Health Science Center at Houston, 12 

McGovern Medical School, Houston, TX 77030, USA. Telephone: 713-500-7501;  13 

e-mail: Joo.Eun.Jung@uth.tmc.edu 14 

Jaroslaw Aronowski, Department of Neurology, University of Texas Health Science Center at Houston, 15 

McGovern Medical School, Houston, TX 77030, USA. Telephone: 713-500- 7059;  16 

e-mail: J.Aronowski@uth.tmc.edu 17 

Number of pages: 32; number of figures: 10 18 

Number of words for Abstract (250), Introduction (633), and Discussion (1380) 19 

 20 

Conflict of interest statement 21 

The authors declare no competing financial interests.  22 

 23 

 24 



 

2 
 

 25 

Acknowledgments 26 

This work was supported by an R01 grant from the National Institutes of Health (NS111590-01). 27 

 28 

Abstract 29 

Astrocytes are an integral component of the neurovascular unit where they act as homeostatic regulators, 30 

especially after brain injuries such as stroke. One process by which astrocytes modulate homeostasis is the 31 

release of functional mitochondria (Mt) that are taken up by other cells to improve their function. However, 32 

the mechanisms underlying the beneficial effect of Mt transfer are unclear and likely multifactorial. Using a 33 

cell culture system, we established that astrocytes release both intact Mt and humanin (HN), a small 34 

bioactive peptide normally transcribed from the Mt genome. Further experiments revealed that astrocyte-35 

secreted Mt enter microglia, where they induce HN expression. Similar to the effect of HN alone, 36 

incorporation of Mt by microglia (1) upregulated expression of the transcription factor peroxisome 37 

proliferator-activated receptor gamma and its target genes (including mitochondrial superoxide dismutase), 38 

(2) enhanced phagocytic activity toward red blood cells (an in vitro model of hematoma clearance after 39 

intracerebral hemorrhage (ICH)), and (3) reduced pro-inflammatory responses. ICH induction in male mice 40 

caused profound HN loss in the affected hemisphere. Intravenously administered HN penetrated peri-41 

hematoma brain tissue, reduced neurological deficits, and improved hematoma clearance, a function that 42 

normally requires microglia/macrophages. This study suggests that astrocytic Mt-derived HN could act as a 43 

beneficial secretory factor, including when transported within Mt to microglia, where it promotes a 44 

phagocytic/reparative phenotype. These findings also indicate that restoring HN levels in the injured brain 45 

could represent a translational target for ICH. These favorable biological responses to HN warrant studies 46 

on HN as therapeutic target for ICH. 47 

 48 

 49 
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 50 

Significance Statement  51 

Astrocytes are critical for maintaining brain homeostasis. Here, we demonstrate that astrocytes 52 

secrete mitochondria (Mt) and the Mt-genome-encoded, small bioactive peptide humanin (HN). Mt 53 

incorporate into microglia, and both Mt and HN promote a “reparative” microglia phenotype characterized 54 

by enhanced phagocytosis and reduced pro-inflammatory responses. Treatment with recombinant HN 55 

improved outcomes in an animal model of intracerebral hemorrhage, suggesting this process could have 56 

biological relevance to stroke pathogenesis. 57 

 58 

Introduction  59 

Intracerebral hemorrhage (ICH) is a subtype of stroke caused by leaking or rupture of cerebral 60 

blood vessels within the brain parenchyma; it carries very high mortality rate (30-67%) and poor prognosis 61 

for recovery, with limited therapeutic options (Qureshi et al., 2009; Adeoye and Broderick, 2010). After 62 

ICH, extravasated blood has direct contact with the brain parenchyma where it acts as a “reservoir” of 63 

toxicity for brain tissue, leading to progressive secondary “(bio)chemical” injury (Felberg et al., 2002; 64 

Wagner et al., 2003; Xi et al., 2004; Zhao et al., 2009a) through various mechanisms including oxidative 65 

insult and complex pro-inflammatory responses (Hickenbottom et al., 1999; Wu et al., 2002; Aronowski 66 

and Hall, 2005; Keep et al., 2012). Ultimately, the hematoma is cleared by microglia/macrophages (M ) 67 

through phagocytosis, a process controlled by many factors including peroxisome proliferator receptor 68 

gamma (PPAR )(Ricote et al., 1999; Zhao et al., 2007b; Zhao et al., 2015c). This transcription factor 69 

induces the expression of key proteins controlling phagocytosis and associated cleanup processes after 70 

ICH, including anti-oxidative enzymes such as superoxide dismutase (SOD) and catalase (Zhao et al., 71 

2006; Tureyen et al., 2007; Zhao et al., 2007b; Roszer et al., 2011). PPARγ also inhibits pro-inflammatory 72 

responses at multiple levels (Ricote et al., 1999; Sundararajan and Landreth, 2004; Zhao et al., 2007b). 73 
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Blood cell components (e.g., hemoglobin, heme, and iron) in hematomas are a major source of 74 

noxious free radicals that can cause oxidative damage to neighboring brain tissue (Regan and Panter, 1996; 75 

Felberg et al., 2002; Wagner et al., 2003; Nakamura et al., 2004; Aronowski and Hall, 2005). Impaired 76 

expression and dysfunction of anti-oxidative enzymes may amplify oxidative damage; for example, levels 77 

of the essential intra-mitochondrial antioxidant enzyme manganese SOD (Mn-SOD) are reduced in ICH-78 

affected brain tissue (Wu et al., 2002). Since Mn-SOD shields mitochondria (Mt) and cells from oxidative 79 

damage, therapeutic approaches designed to upregulate Mn-SOD in the peri-hematoma zone could mitigate 80 

ICH-mediated damage.  81 

Hayakawa et al. (Hayakawa et al., 2016) demonstrated that astrocytes transfer functional Mt to 82 

adjacent neurons, where they support pro-survival functions. However, the mechanism of how transferred 83 

Mt exert protective effects remains unclear. Mt are involved in myriad essential functions that can benefit 84 

recipient cells. Here we propose that one of the important tasks of transferred astrocytic Mt is supplying 85 

recipient cells with humanin (HN), a small peptide transcribed from MtDNA. HN is a 24-amino acid Mt-86 

derived peptide discovered in the brain of an Alzheimer’s patient (Hashimoto et al., 2001; Guo et al., 87 

2003). The rat humanin homolog rattin (HNr) is a 38 amino acid, and both HN and HNr are transcribed 88 

from an open reading frame within the 16S ribosomal RNA locus of MtDNA and are translated in the Mt 89 

and cytoplasm (Matsuoka and Hashimoto, 2010; Paharkova et al., 2015). HN can be stored in Mt or 90 

secreted into the extramitochondrial and extracellular spaces as an Mt autocrine, paracrine, and endocrine 91 

signal (Matsuoka and Hashimoto, 2010; Yen et al., 2013). Extracellularly secreted HN activates a 92 

cytoprotective signal by binding to a cytokine-like trimeric receptor composed of CNFR/WSX1/gp130 93 

(Hashimoto et al., 2009b; Hashimoto et al., 2009a). 94 

HN’s biological role has largely been studied in age-related contexts including regulation of healthy 95 

aging, longevity, metabolism, and inflammation (Matsuoka, 2011; Zhao et al., 2013; Gong et al., 2014; 96 

Fuku et al., 2015; Kim et al., 2017). Less is known about HN in cerebrovascular diseases. It was shown to 97 

reduce brain infarction in a model of focal ischemia (Xu et al., 2006) and ameliorate neurological deficits in 98 
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mice subjected to ICH (Wang et al., 2013). Here we demonstrate that astrocytes transfer Mt to microglia 99 

where—similar to HN alone—they promote “reparative” microglia function. This suggests that the 100 

beneficial effects of Mt transfer between astrocytes and microglia include generation of HN, and this 101 

process could be relevant to the pathogenesis of ICH. 102 

 103 

Materials and Methods 104 

Animals. All animal studies were performed in accordance with the Guide for the Care and Use of 105 

Laboratory Animals from the National Institutes of Health guidelines and were approved by the Animal 106 

Welfare Committee of The University of Texas Health Science Center at Houston. All animal experiments 107 

and analyses used the approach of randomization, and investigators were blinded from treatments. Rodents 108 

were housed in standard cages under a 12-h inverted light-dark cycle. Three-month-old male C57BL6/J 109 

mice were purchased from Jackson Laboratories (Bar Harbor, ME, USA), and female Sprague Dawley rats 110 

(embryonic 17 days timed pregnant) for primary cerebral cortical astrocyte and microglia cultures were 111 

purchased from Charles River Laboratories (Wilmington, MA, USA).  112 

ICH. Intrastriatal injection of autologous blood was used to simulate human ICH in mice as we 113 

described previously (Zhao et al., 2007b; Zhao et al., 2017). Briefly, male C57BL6/J mice (25-30 g) were 114 

anesthetized with chloral hydrate (0.35 g/kg; intraperitoneal [i.p.]) and placed in a stereotaxic apparatus 115 

before a 1-mm diameter burr hole was drilled in the skull at the following coordinates: 0.0 mm anterior to 116 

bregma, 3.0 mm lateral to midline. A 30-gauge cannula was then inserted into the left striatum, 3.5 mm 117 

deep from the skull for blood (collected from femoral vein) infusion (18 μl at 1 l/min). The body 118 

temperature was maintained at 37±0.5°C during the procedure and for 2 h after surgery. Sham-operated 119 

mice underwent the same surgical procedures without blood infusion. 120 

HN administration. HN peptide was purchased from ANA SPEC (AS-60886; Palo Alto, CA, 121 

USA). C57BL6/J male mice were randomly assigned to ICH surgery and treatments. Mice received HN 122 

(one injection per mouse per day for a total of 7 administrations) either i.p. (1 μg/g in phosphate-buffered 123 
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saline [PBS]) or intranasally (1 μg/g in PBS), starting 60 min (i.p.) or 3 h (intranasal) after the onset of 124 

ICH. PBS was used as vehicle control. To assess whether systemic administered HN enters ICH-injured 125 

brain, fluorescein isothiocyanate (FITC)-conjugated HN (1 μg/g in PBS) was injected into mice via femoral 126 

vein, 24 h after the onset of ICH. The HN-FITC peptide was customized/synthesized by WatsonBio 127 

Sciences (Houston, TX, USA). 128 

Neurological deficit score (NDS) measurement. All mouse behavioral tests were conducted under 129 

quiet, low-light conditions. The behavioral outcomes were measured by an investigator blinded to the 130 

treatment groups prior to and on day 3 for intranasal intervention and on days 3, 7, and 14 for i.p. 131 

intervention post-ICH. Foot-fault, postural flexing, wire, and corner tests were used to calculate the NDS as 132 

we reported previously (Zhao et al., 2007b; Zhao et al., 2009c; Zhao et al., 2017). Pretesting excluded 133 

animals with a preference during corner testing and/or >20% foot faults before being subjected to ICH.  134 

Brain tissue harvesting. Mice anesthetized with chloral hydrate (0.5 g/kg, i.p.) were transcardially 135 

perfused with ice-cold PBS. The brains were immediately frozen by submersion in 2-methylbutane (–80°C) 136 

and stored at −80°C until cryo-sectioning or RNA or protein extraction. 137 

Hematoma cleanup model (hematoma resolution). To assess hematoma resolution, the remaining 138 

amount of hemoglobin present in hematoma-affected brain tissue was measured on day 7 after ICH, as we 139 

described previously (Zhao et al., 2007b; Zhao et al., 2009c; Zhao et al., 2017). Briefly, anesthetized mice 140 

were transcardially perfused with ice-cold PBS to remove intravascular blood. Brains were collected, and 141 

coronal hematoma-containing sections were prepared using a brain matrix and razor blade. Following 142 

homogenization and centrifugation, hemoglobin in the supernatant was calorimetrically measured with 143 

Drabkin’s reagent (D5941-6VL; Sigma-Aldrich, St. Louis, MO, USA) (Zhao et al., 2007b; Zhao et al., 144 

2009c; Zhao et al., 2017). For a calibration curve, various volumes of peripheral blood were added to naïve 145 

brain homogenates. The data are expressed as blood volume per brain homogenate. 146 

Immunohistochemistry. Rodents were placed under chloral hydrate anesthesia and subjected to 147 

transcardial perfusion with ice-cold PBS followed by 4% paraformaldehyde (PFA). Brain tissue was 148 



 

7 
 

collected in 30% sucrose solution for 24 h prior to snap freezing and cryosectioning at 20 μm. Sections 149 

were incubated in 0.1% Triton X-100 for 15 min at room temperature and blocked with PBS containing 3% 150 

bovine serum albumin (BSA) for 1 h at RT before incubation with primary antibodies (1:50 dilution in PBS 151 

containing 0.1% Tween and 0.3% BSA). We used the following primary antibodies: anti-rattin (HNr - rat 152 

homolog of HN; rabbit-polyclonal, PA1-46257; Thermo Fisher Scientific, Waltham, MA, USA), anti-153 

ionized calcium-binding adaptor molecular 1 (Iba1; rabbit-polyclonal, 019-19741; Wako Life Science, 154 

Richmond, VA, USA), and anti-glial fibrillary acidic protein (GFAP; mouse-monoclonal, G7171, Sigma-155 

Aldrich). Secondary antibodies (1:100 dilution in PBS containing 0.1% Tween and 0.3% BSA) included: 156 

goat anti-rabbit IgG (Alexa Fluor 488 or 546, Thermo Fisher Scientific) and goat anti-mouse IgG (Alexa 157 

Fluor 488, Thermo Fisher Scientific). Brain images were captured using an LSM 800 confocal microscope 158 

with Airyscan high-resolution detectors (Zeiss, Oberkochen, Germany). For immunofluorescent analysis of 159 

primary rat astrocytes, we used anti-lysosomal-associated membrane protein 1 (LAMP1; 1:250 dilution, 160 

rabbit-polyclonal, ab24170; Abcam, Cambridge, UK) and goat anti-rabbit IgG (1:500 dilution, Alexa Fluor 161 

488, Thermo Fisher Scientific). The procedure for immunofluorescence was published elsewhere (Jung et 162 

al., 2015).  163 

Primary cerebral cortical glial cell cultures. Rat astrocyte and microglia cultures were generated 164 

using embryonic day 17 or 18 brains, as we previously described (Zhao et al., 2007b; Zhao et al., 2017). 165 

Briefly, mixed cells from brain cortices were seeded in poly-D-lysine-coated 75-cm2 flasks and cultured in 166 

Dulbecco’s minimum essential medium (DMEM) containing 10% fetal bovine serum (FBS), penicillin (50 167 

U/ml), and streptomycin (50 μg/ml) for 10-14 days. Once cells were confluent in the flask, adherent 168 

microglia were harvested using a slight shaking method (37°C at 220 rpm for 30-60 min). Harvested 169 

microglia were re-plated onto poly-D-lysine-coated plates with DMEM containing 10% FBS, penicillin (50 170 

U/ml), and streptomycin (50 μg/ml). After microglia harvest, the co-cultures were trypsinized with 0.25% 171 

Trypsin-EDTA to collect the mixed astroglial cells attached to the bottom of the flask. These were re-plated 172 

onto 75-cm2 flasks and cultured in DMEM containing 10% FBS, penicillin (50 U/ml), and streptomycin (50 173 
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μg/ml). Once the cells were slightly attached to the bottom (4-6 h after replating), the flask was transferred 174 

into a 37°C shaking incubator and continuously shaken (220 rpm) overnight to remove weakly attached 175 

cells. The medium containing floating cells was discarded the next day, and new fresh culture medium was 176 

added to the strongly attached astrocytes. 177 

Fluorescence-activated cell sorting (FACS) analysis for Mt. FACS analysis to detect secreted Mt 178 

from cultured astrocytes was performed on a Cytoflex S cytometer (Beckman Coulter, Brea, CA, USA). 179 

The data were analyzed with FloJo version 10. Rat cortical astrocytes were incubated with Mitotracker Red 180 

CMXRos (M7512, Thermo Fisher Scientific) for 30 min to label intracellular Mt. After extensive washing, 181 

the astrocytes received fresh culture medium and were incubated for 24 h to allow secreted Mt 182 

accumulation. The culture medium was collected and briefly spun down at 1000 rpm for 5 min to remove 183 

cellular debris. Half of the supernatant was saved as astrocyte-conditioned medium (ACM), and the other 184 

half was filtered through a column with 0.22-μm pores to remove Mt particles (Filtered-ACM) as 185 

previously described (Hayakawa et al., 2016). Unstained ACM (without Mitotracker treatment) was used as 186 

a negative control for proper gating.  187 

Transmission electron microscope (TEM) analysis. To probe ACM for extracellularly released Mt, 188 

collected ACM was subjected it to 4020 g centrifugation for 30 min at 4°C to produce a pellet containing 189 

Mt. The pellet was re-suspended, transferred to a 1.5-ml Eppendorf tube, and further spun down at 13,400 g 190 

for 15 min at 4°C. The final Mt-containing pellet was washed with PBS and fixed with 2% glutaraldehyde 191 

in 0.1 M sodium cacodylate buffer, pH 7.4. Fixed samples were washed in 0.1 M sodium cacodylate buffer 192 

and treated with 0.1% cacodylate-buffered tannic acid, postfixed with 1% buffered osmium, and stained 193 

with 1% uranyl acetate. The samples were dehydrated in increasing concentrations of ethanol and 194 

embedded in LX-112 medium. The samples were polymerized in a 60°C oven for ~3 days. Ultrathin 195 

sections were cut using a microtome (Leica, Wetzlar, Germany), stained with uranyl acetate and lead citrate 196 

in a Leica EM Stainer, and examined in a JEM 1010 transmission electron microscope (JEOL, Tokyo, 197 

Japan) at an accelerating voltage of 80 kV. Digital images were obtained using an AMT Imaging System 198 
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(Advanced Microscopy Techniques Corp., Danvers, MA, USA). Sample processing and TEM evaluation 199 

were conducted at the High Resolution Electron Microscopy Facility of the University of Texas MD 200 

Anderson Cancer Center.  201 

 Red blood cell (RBC) isolation. RBCs from rat peripheral blood were isolated using column 202 

density gradient centrifugation (BD Vacutainer® CPT™, BD Biosciences, San Jose, CA, USA) as we 203 

described (Zhao et al., 2007b).  204 

Phagocytosis in vitro. To measure microglial phagocytic activity, in vitro phagocytosis assays were 205 

performed as described previously (Zhao et al., 2007b). Briefly, RBCs were added to the cultured microglia 206 

and incubated for 2h. Then, the culture plate was briefly centrifuged to remove unphagocytosed RBCs. 207 

Microglia containing phagocytosed RBCs were fixed with 4% PFA and stained with anti-CD11b (mouse 208 

monoclonal, MCA275G; Bio-Rad, Hercules, CA, USA) and anti-rat RBC (rabbit polyclonal, 20R-RR012; 209 

Fitzgerald Industries, Acton, MA, USA) antibodies to visualize internalized RBCs. The number of engulfed 210 

RBCs in microglia was used as a phagocytosis index.  211 

Small interfering RNA transfection. siRNA probes targeting HNr (GGTTCAACTGTCTCTTACT 212 

and GGGATAACAGCGCAATCCT) were obtained from Sigma-Aldrich. The non-targeting, negative 213 

control, scrambled siRNA (SIC001) was obtained from Sigma-Aldrich.  Primary rat cortical astrocytes 214 

were seeded on 6-well plates (2 × 106 cell/well) and transfected with each siRNA (10 nmol/L) using 215 

HiPerFect siRNA transfection reagent (301704; Qiagen, Hilden, Germany) for 24 h following the 216 

manufacturer’s instructions. The ACM for transfer onto microglia was collected as described above. 217 

Real-time reverse transcriptase polymerase chain reaction (RT-PCR) analysis. Total RNA was 218 

extracted from rat primary microglia or the contra- and ipsilateral ICH-affected mouse brain using the 219 

RNeasy Plus Mini Kit (74134, Qiagen). The cDNAs were generated using amfiRivert Plantinum ONE 220 

cDNA Synthesis Master Mix (R6100, GenDEPOT, Katy, TX, USA). The amfiSure qGreen Q-PCR Master 221 

Mix without ROX (Q5600, GenDEPOT) was used for SYBR real-time RT-PCR analysis. The following 222 

sets of primer (5'-3') were used for experiments: HNr - TTAGGGACTAGAATGAATGG and 223 
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GGAGCTTCAATTTACTAGTT, rat PPARγ - ACCAACTTCGGAATCAGCTC and 224 

AGGCTCTACTTTGATCGCAC, rat lipoprotein lipase (LPL) - CAGCTGGGCCTAACTTTGAG and 225 

TGCTGGGGTTTTCTTCATTC, rat catalase - ATGCAAAGGGAGCAGGTG and 226 

AATGGGAAGGTTTCTGCC, rat interleukin (IL)-10 - TCCTTGGAAAACCTCGTTTG and 227 

GCTTTCGAGACTGGAAGTGG, rat IL-1β - CAGGAAGGCAGTGTCACTCA and 228 

GGGATTTTGTCGTTGCTTGT, rat CD68 - AATGTGTCCTTCCCACAAGC and 229 

AGAGGGGCTGGTAGGTTGAT, rat glyceraldehyde 3-phosphate dehydrogenase (GAPDH) 230 

AGACAGCCGCATCTTCTTGT and TACTCAGCACCAGCATCACC, and mouse GAPDH -231 

TGTTCCTACCCCCAATGTGT and TGTGAGGGAGATGCTCAGTG.  232 

Western blot. Protein samples were prepared from whole cell lysates as previously described (Jung 233 

et al., 2009; Jung et al., 2015). Briefly, protein samples were separated on 4-20% gradient Tris-Glycine 234 

sodium dodecyl sulfate gels (EC6021, Thermo Fisher Scientific) followed by electrophoretic transfer onto 235 

nitrocellulose membranes using an iBlot2 Dry Blotting System (IB21001, Thermo Fisher Scientific). 236 

Antibodies against Mn-SOD (1:1000 dilution; rabbit polyclonal, ADI-SOD-110-D; Enzo Life Science, 237 

Farmingdale, NY, USA), PPARγ (1:1000 dilution; rabbit polyclonal, sc-7196; Santa Cruz Biotechnology, 238 

Dallas, TX, USA), and β-tubulin (1:5000 dilution; mouse monoclonal, T8328, Sigma-Aldrich), were used 239 

for immunoblotting. Horseradish peroxidase (HRP)-conjugated immunoglobulin G (IgG) and an enhanced 240 

chemiluminescent substrate (Pierce ECL kit 32106, Thermo Fisher Scientific) were used to visualize 241 

protein bands on X-ray films. The band intensity was analyzed by Image J program (U.S. National 242 

Institutes of Health, Bethesda, MD, USA) and normalized by intensity of control band (β-tubulin). 243 

Dot blot. To detect HNr that is released into media, we collected astrocyte-conditioned medium 244 

(ACM) in 75-cm2 tissue culture flasks. The astrocytes were incubated with 5-6 ml of serum-free DMEM 245 

for 24 h before concentrating ACM to 100 μl to reach a concentration of 30 μg of proteins in 10 μl of 246 

loading volume for dot blotting. To concentrate released HNr, collected ACM were centrifuged with 247 

Vivaspin 20 Centrifuge Concentrators (VS2091, 3,000 Dalton Max Molecular Weight Cut Off, PES 248 
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membrane; Sartorius, Göttingen, Germany). Dot blot analysis using a Bio-Dot SF Microfiltration 249 

Apparatus (1706545, Bio-Rad) was employed to assess HNr concentration. Briefly, ACM protein was 250 

deposited onto nitrocellulose membranes in the dot blot apparatus. The membranes were blocked with 5% 251 

BSA in Tris-buffered saline with Tween then incubated with anti-rattin (HNr) antibody (1:1000 dilution; 252 

rabbit-polyclonal, PA1-46257, Thermo Fisher Scientific). Secondary HRP-conjugated IgG and an enhanced 253 

chemiluminescent substrate were employed to visualize HNr as described above. In addition, an Odyssey 254 

CLx imaging system (LI-COR) using IRDye 800CW goat anti-rabbit IgG secondary antibody (1:5000 255 

dilution; 925-32211, LI-COR, Lincoln, NE, USA) or IRDye 800CW Goat anti-Mouse IgG secondary 256 

antibody (1:5000 dilution; 925-32210, LI-COR) was employed to visualize HNr or β-tubulin in Fig. 9B. 257 

The immunointensity of each of the dots was analyzed by Image J program and normalized to intensity of 258 

β-tubulin, control. 259 

Experimental design and statistical analyses. For all the in vivo animal studies, animals were 260 

randomly divided for treatments and ICH surgery. The sample size calculation was based on our past 261 

experience with mouse  ICH model (Zhao et al., 2007a; Zhao et al., 2007b; Zhao et al., 2009b; Zhao et al., 262 

2017), regarding reproducibility in the amount of damage, and power analysis using STATMATE 3 263 

software (a significant difference at a power of 90%, estimated standard deviation of mean at about 0.1 to 264 

0.2 and expected difference between groups at 10 to 20%) in order to obtain the minimal number of 265 

animals for statistical significance. For animal behavior tests, two-way ANOVA followed by the Fisher 266 

LSD method was used to compare NDS between two groups at different time points. Data are presented as 267 

mean ± standard error of the mean (SEM). Most of in vitro studies were analyzed by one-way analysis of 268 

variance (ANOVA) followed by the Fisher’s Least Significant Difference (LSD) method, or followed by 269 

Kruskal-Wallis test or Bonferroni test between experimental groups. Paired or unpaired t-tests were used to 270 

compare two groups. Statistically significant differences between mean values were considered only at p < 271 

0.05. GraphPad Prism 7.04 software (GraphPad Software Inc., San Diego, CA, USA) was used for 272 
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statistical analysis. The detailed results of statistical analyses, including the number or size of each 273 

experiment, are listed in each figure legend. 274 

Results  275 

ICH reduces HN level in the affected brain hemisphere.  276 

Reduced HN levels adversely affect many pathological processes, longevity, and aging (Muzumdar 277 

et al., 2009; Voigt and Jelinek, 2016). It is therefore relevant to understand how cerebrovascular events such 278 

as ICH affect HN and influence disease progression. Hence, we evaluated mRNA and protein levels of HN 279 

in the ICH-affected brain. Using SYBR real-time RT-PCR and brains harvested at 24 h after ICH , we found 280 

a robust ~50% reduction in HNr mRNA levels in the ICH-affected forebrain as compared to the homologous 281 

contralateral hemisphere (mRNA ratio of contralateral vs. ipsilateral is 1: 0.574, n =13, two-tailed paired t-282 

test, p = 0.000198, t = 5.27). We also observed a profound loss of HNr immunoreactivity throughout the 283 

ICH-affected hemisphere compared to the contralateral brain (Fig. 1). Considering the localized nature of the 284 

ICH lesion (5-10% of the hemisphere), the extent of HNr immunoreactivity loss was widespread in the 285 

ipsilateral brain. 286 

HN reduces neurological deficits and improves hematoma clearance in ICH mice. 287 

Since ICH dramatically decreased HNr in the brain, we examined whether HN administration could 288 

affect the severity of ICH-induced injury. First, we intravenously injected mice with HN-FITC 24 h after 289 

ICH. Confocal microscopy was performed to inspect brain tissue for the presence of green fluorescence. 290 

We established that Iba1-positive cells (e.g., microglia and macrophages) are one of the prominent cell 291 

targets for HN-FITC, based on co-localization of fluorescence signals (Fig. 2A). By probing cells in 292 

randomly selected location around hematoma location and in homologues locations of the contralateral 293 

hemisphere, we found that approximately 67% of all Iba1+ cells were also positive for FITC (double 294 

positive) (Fig 2B), indicating an overall abundant internalization of HN to the brain and microglia.  295 
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Next, we employed a mouse ICH model to determine whether HN has a therapeutic effect in ICH-296 

induced brain injury. Specifically, we tested whether HN could reduce neurological deficits (NDS; 297 

measured with corner, postural flexing, or foot-fault testing) resulting from ICH injury. HN was injected 298 

once a day (1 μg/g in PBS, i.p., starting 1 h after ICH) for a total of 7 administrations. This significantly 299 

reduced NDS in HN-treated mice (Fig. 3A and B). In addition to the functional benefit, HN accelerated 300 

hematoma clearance, a process that is mediated by phagocytic cells including microglia/macrophages. This 301 

was established by reduced hemoglobin content (a major hematoma component) 7 days after ICH in HN-302 

treated mice compared to vehicle-treated mice (Fig. 3C). In a parallel experiment, we assessed whether the 303 

therapeutic effect of HN could also be achieved with intranasal HN. We extended the therapeutic window 304 

for HN to 3 h after ICH, which is a more clinically relevant protocol. Mice were treated with HN at 1 μg/g 305 

in PBS for a total of 7 administrations. Similar to the i.p. route, intranasal HN reduced NDS (Fig. 3D). 306 

Astrocytes in culture secrete HN, and HN is present in astrocytes in the brain. 307 

HN is a peptide encoded by Mt DNA (Yen et al., 2013). Once translated, HN is primarily confined 308 

to Mt, but it can also be released to the cytoplasm (Yen et al., 2013). Mt themselves are the major storage 309 

site for HN. A recent study demonstrated that astrocytes release Mt, and other cell types can uptake these 310 

Mt (Hayakawa et al., 2016). This suggests that the biological effects of HN could be mediated through its 311 

release to the extracellular space and/or cell-to-cell transfer via astrocyte-secreted Mt.  312 

To test this hypothesis, we examined whether HN is produced and secreted by primary rat 313 

astrocytes in culture. ACM was collected in an established culture system. Using dot blots and an antibody 314 

against HNr, we demonstrated that cultured astrocytes indeed produce and secrete HNr (Fig. 4A). 315 

Specifically, we collected ACMs from five rat astrocytes preps, and performed dot immunoblots to 316 

quantitate secreted HNr. When comparing to DMEM, we found approximately 14-fold increase in HNr 317 

level in ACM (DMEM vs. ACM = 1: 14.506, n = 5, two-tailed unpaired t-test, p = 0.0075, t = 3.547).  In 318 

addition, immunohistochemistry experiments confirmed strong presence of HNr immunoreactivity in 319 
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GFAP+ cells in the inspected cerebral cortex of the normal rat brain (Fig. 4B). We quantified the numbers 320 

of GFAP+/HNr+ double positive cells in the randomly selected areas of cerebral cortex of three naïve rats. 321 

Approximately 61% of HNr+ cells showed GFAP-positive (Fig. 4C), confirming that astrocytes could be an 322 

important source of HN.  323 

Astrocyte-secreted Mt incorporate into microglia and subsequently increase HNr levels. 324 

To confirm that astrocytes release Mt, primary astrocyte cultures were incubated with or without 325 

Mitotracker Red CMXRos to fluorescently label Mt for FACS analysis of ACM (Fig. 5A and B). Mt were 326 

abundant in the ACM, suggesting that astrocytes indeed secrete large quantities of Mt (Fig. 5B). Hayakawa 327 

et al. (Hayakawa et al., 2016) used qNano analysis to show that astrocyte-released Mt range in size from 328 

300 to 1100 nm and as such could be removed from conditioned media with a 0.22- m filter. 329 

Quantification of MitoTracker-positive particles revealed that ACM filtration through a 0.22- m filter 330 

removed 78% of Mt (Fig. 5C). TEM confirmed the presence of Mt in ACM (Fig. 5D). 331 

Next, we tested if Mt released by astrocytes can enter microglia. We labeled Mt in rat astrocytes 332 

with MitoTracker/CMX/Ros (red, white arrowheads; Fig. 6A and B) and collected ACM containing 333 

MitoTracker-positive Mt for transfer into rat primary microglia cultures (Fig. 6A). This approach revealed 334 

that astrocytic Mt effectively integrated into microglia (Fig. 6C and D). Time-lapse imaging confirmed Mt 335 

transfer into microglia. The images of two representative microglial cells (color-coded blue and red; Fig. 336 

6C) taken prior to Mt transfer (0 min, top), at the indicated times after ACM addition between 15 min and 337 

11 h 11 min (Fig. 6C, middle panels), and at 14 h at the end of the recording (Fig. 6C, bottom panel) show 338 

the dynamics of microglial Mt accumulation. All the microglial cells showed presence of MitoTracker red 339 

positive Mt (Extended Data, Figure 6-1). Upon adding ACM, Mt incorporate into the cultured microglia 340 

almost immediately and continue to accumulate for hours. It is essential to note that Mt that entered 341 

microglia remained intact for at least 72 h (Fig. 6D), suggesting that these Mt are not just a target of 342 

phagocytosis and consequent degradation. To strengthen this claim, we quantified the numbers of LAMP-343 
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1+/MitoTracker+ (double positive) particles within 14 randomly selected microglia (Fig. 6E). We 344 

established that 31.24% of MitoTracker+ speckles were also LAMP-1+.  This indicates that most of the 345 

internalized Mt (~ 69 %) did not co-localize with the phagosome marker LAMP-1 at 72 h.   346 

Since Mt are the main source of HN, astrocyte-released Mt could transport HN in the form of DNA, 347 

mRNA, and/or protein. We therefore tested if astrocytic Mt accumulated in microglia could elevate HN 348 

content in these cells. ACM or filtered ACM (mdACM - Mt-depleted ACM) (Fig. 7A and B) were added 349 

to rat microglia and incubated for 24 h. Indeed, incorporation of astrocytic Mt into microglia significantly 350 

increased levels of HNr mRNA (Fig. 7A) and protein (Fig. 7B). When Mt were removed by passage 351 

through a 0.22-μm filter, there was no increase in microglial HNr (Fig. 7A and B). These data suggest that 352 

astrocytic Mt transfer HNr to microglia, which increases HNr levels. 353 

HN or Mt upregulate PPARγ/Mn-SOD and other prototypic PPARγ target genes in microglia.  354 

Following ICH, the transcription factor PPARγ and its target genes play central roles in promoting a 355 

“reparative” microglia phenotype that is pro-trophic and phagocytic but anti-inflammatory phenotype 356 

(Ricote et al., 1999; Zhao et al., 2007b; Yi et al., 2008). Mn-SOD (a transcriptional target of PPARγ) an 357 

enzyme exclusively confined to mitochondrial plays an essential role by maintaining the oxidative balance 358 

necessary to maintain this “reparative” microglial phenotype. Hence, we tested whether microglial PPARγ 359 

and Mn-SOD are upregulated in response to HN or after astrocytic Mt transfer (another source of intra-Mt 360 

HNr). ACM (Fig. 8A and B) or mdACM (Fig. 8B) were incubated with rat microglia for 24 h. In a parallel 361 

experiment, HN alone (Fig. 8A and B) or in the presence of HN-neutralizing antibody (Fig. 8B) were 362 

added to microglia and incubated for 24 h. Western blotting revealed that PPARγ and Mn-SOD were 363 

significantly upregulated by HN or ACM (Fig. 8A). However, removal of Mt from ACM (mdACM) by 364 

filtration prior to ACM transfer, significantly reduced these responses in microglia (Fig. 8B, column 2), 365 

suggesting that PPARγ and Mn-SOD induction are achieved through Mt transfer rather than small particles 366 

or soluble factor(s) present in ACM. Interestingly, addition of HN to mdACM significantly restored Mn-367 
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SOD and PPARγ induction (Fig. 8B; columns 1, 2, and 4). This effect was partially ameliorated with an 368 

antibody targeting HN (Fig. 8B, columns 4 and 5).  369 

Gene expression changes were analyzed to further clarify microglial responses to HN or ACM. The 370 

expression of PPARγ and its prototypic target genes—LPL and catalase (a potent antioxidant) —were 371 

increased by HN and ACM. At the tested doses, HN was more potent (Fig. 8C). Overall, this data suggest 372 

that HN and Mt affect PPAR  signaling in microglia. Interestingly, HN and ACM significantly reduced IL-373 

1β expression, the outcome that could occur upon increased PPARγ signaling that normally leads to anti-374 

inflammatory responses (Sundararajan and Landreth, 2004). There was no significant effect on IL-10 (p = 375 

0.8572 in Control vs ACM, p = 0.5483 in Control vs HN). Considering the unaltered expression of CD68 376 

and microglial cell counting (data not included), HN or Mt did not affect the number of microglia, 377 

suggesting no obvious effect on proliferation. Overall, these data suggest that HN and astrocyte-derived Mt 378 

are capable of inducing a “reparative” microglial phenotype.  379 

HN or Mt enhance microglial phagocytic activity toward RBCs; In Vitro hematoma cleanup model. 380 

Enhanced phagocytic function is one of the microglial responses to PPAR  activation (Zhao et al., 381 

2007b). Taken together with the in vivo hematoma clearance data (Fig. 3C), the results suggest that HN 382 

and Mt could regulate the phagocytic function of microglia. To test this question, we used primary 383 

microglia treated with ACM or HN for 24 h prior to adding RBCs as a phagocytic target. After 2 h of 384 

incubation, the numbers of internalized RBCs per CD11b+ microglia were counted under a confocal 385 

microscope. An example of microglia containing engulfed RBCs is shown in Fig. 8D. HN and ACM 386 

effectively increased the numbers of engulfed RBCs by microglia compared to vehicle control (Fig. 8E). 387 

This result suggests that both HN and astrocytic Mt can enhance microglial phagocytic activity.  388 

Mt from HN-deficient astrocytes fail to induce a healing microglial phenotype.  389 

As discussed above, astrocytic Mt likely modulate microglia by transporting HN to microglia. Thus, 390 

we tested if HN deficiency in astrocytes inhibited the ability of ACM to modulate microglial expression of 391 
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PPARγ and a prototypic target gene, LPL. Rat astrocytes were transfected with HNr-specific siRNAs (Fig 392 

9A), which unlike scrambled siRNA, reduced HNr expression in these cells (Fig. 9B). Next, ACM from 393 

HNr-deficient and -proficient astrocytes were collected and transferred to cultured microglia (Fig 9A). In 394 

contrast to ACM from astrocytes treated with scrambled siRNA, ACM from HNr-knockdown astrocytes 395 

was significantly less effective in inducing PPARγ and LPL expression (Fig. 9C). ACM from HNr 396 

knockdown was also less effective in suppressing IL-1β expression by microglia (Fig. 9C).  397 

 398 

Discussion  399 

A limited number of studies addressed the existence of Mt transfer between cells, with most 400 

assuming that the main effect is to enhance the bioenergetic capacity of the recipient cell (Spees et al., 401 

2006; Plotnikov et al., 2010; Islam et al., 2012; Pasquier et al., 2013; Liu et al., 2014; Wang and Gerdes, 402 

2015; Hayakawa et al., 2016; Hayakawa et al., 2018). Even fewer investigated the role of Mt transfer in the 403 

central nervous system (Hayakawa et al., 2016; Hayakawa et al., 2018). It was recently proposed that 404 

following brain ischemia, astrocytes increase the ATP supply by transferring functional Mt to neurons 405 

(Hayakawa et al., 2016). However, while the beneficial effect of Mt transfer is fairly well-documented, the 406 

specific factor(s) provided by transferred Mt remain unclear. This benefit can extend beyond the energetic 407 

aspect of Mt transfer. Here, we propose that astrocytic Mt-derived HN acts as a transcellular signaling 408 

molecule that can modulate “reparative” microglial functions after being secreted by astrocytes as a peptide 409 

or while being transferred within Mt. We also propose that HN may help reduce damage caused by ICH.  410 

Our study demonstrates that astrocyte-secreted Mt are taken up by microglia, where they are 411 

detected for at least several days at the intracellular locations that do not co-localize with phagosomes, 412 

suggesting that these “adopted” Mt may not be just a target for phagocytosis. Mt transfer promoted a 413 

“reparative” microglial phenotype. Importantly, we showed that HN, a small secretory peptide normally 414 

encoded by the Mt genome, may be an essential component of biological effect following Mt transfer. 415 

Astrocytic Mt or HN stimulated the expression of microglial PPARγ and several PPAR -regulated target 416 
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genes with well-defined roles in controlling anti-oxidative, anti-inflammatory (Yi et al., 2008; Aronowski 417 

and Zhao, 2011) and phagocytic functions (Ricote et al., 1999; Zhao et al., 2007b; Roszer et al., 2011; 418 

Natrajan et al., 2015; Zhao et al., 2015c). Notably, both astrocytic Mt and HN increased the phagocytic 419 

activity of microglia toward RBCs, a principal constituent of hematomas and an object of phagocytosis-420 

mediated cleanup after ICH (Zhao et al., 2007b; Zhao et al., 2009a).  421 

Through multiple mechanisms including iron-catalyzed Fenton’s reaction, ICH leads to excessive 422 

generation of free radicals and simultaneous loss of anti-oxidative defenses, which leads to irreversible 423 

mitochondrial injury and oxidative brain tissue damage in the ICH-affected hemisphere (Peeling et al., 424 

1998; Aronowski and Hall, 2005; Zhao et al., 2007a; Zhao et al., 2015b; Zhao et al., 2015a; Zhao et al., 425 

2015c). Several experimental and human studies have documented that ICH affects Mt stability and causes 426 

Mt dysfunction, including excessive superoxide production at the peri-hematoma zone (Wu et al., 2002; 427 

Kim-Han et al., 2006; Swanson, 2006; Lu et al., 2015; Hu et al., 2016; Qu et al., 2016). Since Mn-SOD acts 428 

as a shield preventing Mt and cells from harmful superoxides (Wu et al., 2002), any approach that 429 

upregulates Mn-SOD could mitigate ICH-mediated damage. Our present data demonstrate that both 430 

astrocytic Mt and HN significantly increase the microglial expression of both Mn-SOD and the potent anti-431 

oxidative enzyme catalase. Interestingly, the expression of both proteins are under transcriptional control of 432 

PPAR (Zhao et al., 2006; Zhao et al., 2007b; Zhao et al., 2009c), expression of which was effectively 433 

upregulated by both HN and Mt. This suggests that PPAR  activation could play important roles in 434 

beneficial HN- and Mt-mediated effects after ICH. In support of this hypothesis, we further showed that 435 

microglia receiving Mt from HN knockdown astrocytes failed to upregulate the expression of PPARγ and 436 

its prototypic target gene LPL. This suggests that HN in astrocytic Mt are indeed important for the Mt 437 

transfer-induced change in microglial phenotype. Besides acting as a carrier of presynthesized HN, Mt 438 

entering microglia may also deliver MtDNA to allow the recipient cell to increase HN transcription. To test 439 

this model, we showed that HN mRNA and protein were significantly increased in cultured microglia 440 
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following astrocytic Mt incorporation. This suggests that astrocytic Mt adopted by microglia may indeed 441 

stimulate additional HN synthesis. Although unlikely, we cannot fully exclude the possibility that Mt 442 

transfer could induce local production of HN mRNA from its own MtDNA. 443 

Results from our mouse ICH model indicate that mRNA and protein levels of HN are robustly 444 

reduced in the ICH-affected hemisphere. Loss extended far beyond the peri-hematoma tissue, suggesting 445 

that ICH may affect mitochondrial gene expression throughout most of the hemisphere. Presuming the 446 

previously described beneficial role of HN (Guo et al., 2003; Matsuoka, 2011; Gong et al., 2014; Cui et al., 447 

2017; Kim et al., 2017), our results showing decreased HN following ICH suggests that HN 448 

supplementation could exert beneficial effects. Experiments with fluorescently tagged HN showed that 449 

systemically administered HN entered the brain and localized in Iba1+ microglia and neurons (data not 450 

included), suggesting that this cell types could be an important target for HN’s biological effects. 451 

Encouraged by these results, we delivered HN in an ICH mouse model via two routes and found that it 452 

reduced neurological deficits when given i.p. or intranasally. In an in vitro model of hematoma clearance, 453 

HN effectively increased RBC phagocytosis. This was expected based on our finding that HN induces 454 

expression of PPAR , a transcription factor which we and others demonstrated to promote the phagocytic 455 

function of microglia/macrophages, including during hematoma clearance after ICH (Ricote et al., 1999; 456 

Zhao et al., 2007b; Roszer et al., 2011; Natrajan et al., 2015; Zhao et al., 2015c). We believe that the 457 

present study warrants additional translational work with HN, or synthetic humanin analogues (Tajima et 458 

al., 2005; Xu et al., 2006; Wang et al., 2013), to determine the efficacy, appropriate doses, and therapeutic 459 

window during pleiotropic therapy for ICH, especially assuming that HN could be used via a non-invasive 460 

intranasal route of delivery. Effects of age and sex also need to be examined. Collectively, these results 461 

suggest that astrocyte-derived Mt are transported to microglia where they stimulate the production and 462 

release of HN to prevent damage caused by ICH. 463 

Since this study was designed to study astrocyte-microglia interactions, we did not focus on other 464 

types of brain cells as potential donors or recipients of HN and Mt. We have shown astrocytes release Mt; 465 
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however, neurons and microglia may also release Mt that have distinct functions, be dysfunctional, or lack 466 

internalization capability. When comparing Mt from astrocytes, neurons, and microglia (ongoing studies), 467 

we observed that astrocyte-released Mt have the highest red/green fluorescence ratio by using JC-1 staining 468 

(a probe for Mt membrane potential), suggesting that these Mt are highly functional. Davis et al. (Davis et 469 

al., 2014) showed that Mt secreted by retinal ganglion axons are internalized by the astrocytes and then 470 

degraded, suggestive of “transmitophage.” Thus, neurons may also secrete Mt, but these Mt could be less 471 

healthy, have lower HN levels, and possibly be cellular waste. Preliminary experiments suggest that 472 

oxidative stress-injured neurons secrete more Mt than uninjured neurons (data not included), but these Mt 473 

also exhibited a lower JC-1 red/green ratio, suggesting that they could be dysfunctional. Platelets and mast 474 

cells also release Mt (Zhang et al., 2012; Boudreau et al., 2014). While outside the focus of this study, we 475 

have already initiated probing for the presence and release of HN in cultured astrocytes, neurons, 476 

oligodendrocytes, and microglia using immune dot blot and RT-PCR. Our early results suggest that 477 

astrocytes have the highest HN expression level (data not included).  478 

 HN was previously shown to interact with Bax (Bcl2-associated X protein) by suppressing Bax 479 

translocation to Mt, which influences mitochondrial cytochrome C release and triggers caspase-dependent 480 

apoptosis (Guo et al., 2003). In the context of the present study, we cannot exclude the possibility that HN-481 

mediated protection in ICH could also involve interference with the Bax-dependent apoptotic pathway, 482 

adding to the overall benefit through involvement of apoptotic pathways. On the other hand, it appears that 483 

apoptosis is not a key death pathway after ICH or ICH-like injury (Wang et al., 2002; Aronowski and Hall, 484 

2005; Zhao et al., 2006; Zille et al., 2017), suggesting that the Bax pathway may not be the sole reason for 485 

the therapeutic benefit of HN.  486 

In conclusion, we demonstrated that Mt-derived HN—whether secreted, transferred within intact 487 

Mt, or injected as synthetic HN—can promote a “reparative” microglial phenotype. Our findings suggest 488 

that HN and its biological properties could represent a potential therapeutic target for ICH (Fig. 10). 489 

 490 
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 664 

 665 

Figure Legends 666 

Figure 1. ICH reduces HN expression in the affected hemisphere. HNr immunoreactivity is reduced in 667 

the ICH-affected forebrain compared to contralateral hemisphere at 24 h after ICH. Representative image 668 

reconstructing a coronal section of the ICH mouse brain under fluorescence microscope (10X) showing the 669 

HN signal (scale bar = 1000 μm) detected using anti-HNr (Rattin; a rat homolog of HN) antibody. DAPI 670 

was used to visualize nuclei. H, hematoma; Contra, contralateral; Ipsi, ipsilateral; COMB, combined.  671 

 672 

Figure 2. Intravenously administered HN is found in microglia in the mouse brain. (A) HN-FITC (1 673 

μg/g in PBS) was injected via the femoral vein 24 h after ICH onset. After another 24 h, confocal 674 

microscopy was used to detect HN-FITC (green, white arrowheads) in the ICH-affected brain (ipsilateral) 675 

and their co-localization with Iba1+ cells (red). A representative examples of two randomly selected HN-676 

FITC-positive cells are shown. Nuclei were stained with DAPI (blue). Scale bar = 10 μm. (B) Quantitative 677 

bar graph (mean ± SEM) showing the percentage of HN-FITC/Iba1 double positive cells among all the  678 

Iba1+ cells, as assessed in 9 to 10 randomly selected peri-hematoma (ipsilateral) and homologous 679 

contralateral locations (Contra) in 2 independently analyzed mouse brains.  680 

 681 

Figure 3. HN treatment reduces neurological deficits and improves hematoma clearance in an ICH 682 

mouse model, suggesting a role of phagocytic cells. NDS scores were calculated from corner, postural 683 

flexing, or foot-fault testing in mice treated either with HN given i.p. (1 μg/g) (A and B) or intranasally (1 684 

μg/g) (D) starting 1 h (A and B) or 3 h (D) after ICH onset. PBS was used as a vehicle control. (C) 685 

Hemoglobin content as an index of hematoma clearance in ICH-affected brains on day 7 after ICH in mice 686 
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treated with i.p. HN or PBS. Data are shown as mean ± SEM. (A) Two-way ANOVA/Fisher’s LSD test, n 687 

= 8 per group, *p < 0.05 (p = 0.0271), t values (t = 2.275). (B) Two-way ANOVA/Fisher’s LSD test, n = 8 688 

per group, *p < 0.05 (p = 0.0299), t values (t = 2.232) at day 7; *p < 0.05 (p = 0.0455), t values (t = 2.049) 689 

at day 14. (C) Two-tailed unpaired t-test, n = 7 per group, *p < 0.05 (p = 0.0322), t values (t = 2.423). (D) 690 

Two-way ANOVA/Fisher’s LSD test, n = 8 per group, *p < 0.05 (p = 0.0195), t values (t = 2.479) at day 3. 691 

 692 

Figure 4. Astrocytes in culture secrete HN, and HN is present in astrocytes in the brain. (A) Rat ACM 693 

was concentrated using Vivaspin and spotted onto nitrocellulose membranes. HN (2 μl from 10 mM HN 694 

stock) and DMEM were used as positive and negative controls, respectively. Image represents two different 695 

ACM samples from each culture that were spotted. Extracellularly released HN was detected using anti-696 

HNr (a rat homolog of HN) antibody. (B) A strong HNr immunofluorescence signal (red) was observed in 697 

GFAP+ (green) rat astrocytes. Confocal image, scale bar = 6.25 μm. (C) Quantitative bar graph (mean ± 698 

SEM) showing the percentage of HNr/GFAP double positive cells among all the HNr+ cells, as assessed in 699 

4 randomly selected location in 3 independently analyzed mouse brains. 700 

 701 

Figure 5. Mt are released by astrocytes in vitro. Rat cortical astrocytes were incubated for 30 min with 702 

Mitotracker/Red/CMXRos to label Mt. After extensive washing, astrocytes were incubated with fresh 703 

culture medium for 24 h to accumulate Mt in the media. ACM was collected and briefly spun down to 704 

remove cellular debris and assessed for presence of Mitotracker positive Mt using FACS analysis. (A) 705 

Negative control, ACM from astrocytes that were not stained with Mitotracker/Red/CMXRos. (B) ACM 706 

collected from astrocytes stained with Mitotracker/Red/CMXRos. (C) ACM collected as in B, but filtered 707 

through a 0.22-μm pore-size column to remove Mt (Filtered-ACM). FACS analysis data for the above 708 

samples. (D) An example of Mt found in ACM as detected using TEM. Scale bar = 100 nm. 709 

 710 
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Figure 6. Astrocyte-secreted Mt incorporate into microglia and elevate intracellular HN levels. (A) 711 

Astrocytes in culture were treated with MitoTracker/CMX/Ros to red-fluorescently label Mt. After 712 

extensive washing to remove MitoTracker and additional 24 h incubation to accumulate Mt in the media, 713 

the media containing red-labeled astrocytic Mt were transferred to rat primary microglia in culture. (B) 714 

Representative confocal image of rat astrocytes in culture treated with MitoTracker/CMX/Ros to label Mt 715 

(red puncta, white arrowheads) Scale bar = 20 μm. (C) Microglia taking up astrocytic Mt. Time-lapse 716 

images were collected to document Mt (red) transfer into microglia over a 14 h period. Images of two 717 

representative microglial cells (color-coded as blue and red) prior to Mt transfer (0 min, top panel) and at 718 

the indicated times (15 min to 11 h, middle panels; and at 14 h, bottom panel). Scale bar = 20 μm. At the 719 

end of the recording, all the microglial cells showed presence of MitoTracker (Extended Data, Figure 6-1). 720 

(D) Confocal image of microglial cells containing astrocytic Mt (MitoTracker red+ puncta). These 721 

astrocyte-derived Mt (red, white arrowheads) are retained in microglia for at least 72 h after internalization. 722 

Most of the Mt (Mito+ red puncta) did not co-localize with the Lamp-1 (green puncta), suggesting that Mt 723 

are not merely undergoing lysosomal degradation. Scale bar = 10 μm. (E) Quantitative data showing the 724 

percent of LAMP-1/MitoTracker double positive puncta among all the MitoTracker Red-positive puncta, as 725 

determined for 14 randomly selected microglial cells.  726 

 727 

Figure 7. ACM containing Mt, but not Mt-depleted ACM, induced microglial HN synthesis. ACM or 728 

mitochondria depleted-ACM (mdACM, filtered ACM through a 0.22-μm pore-size column to remove Mt) 729 

were transferred onto cultured microglia. After 24 h, HNr mRNA levels (A) were assessed by SYBR real-730 

time RT-PCR. Data are shown as mean ± SEM, n = 5, one-way ANOVA/Fisher’s LSD test, *p < 0.05 (p = 731 

0.0380, Control vs. ACM), t values (t = 2.358); *p < 0.01 (p = 0.0062, ACM vs. mdACM), t values (t = 732 

3.373). HNr protein levels (B) were assessed by immune dot blot. Data are shown as mean ± SEM, n = 3, 733 

one-way ANOVA/Fisher’s LSD test, *p < 0.05 (p = 0.0366, Control vs. ACM), t values (t = 2.678); *p < 734 

0.05 (p = 0.0479, ACM vs. mdACM), t values (t = 2.478). 735 
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 736 

Figure 8. HN or ACM upregulate PPARγ/Mn-SOD and other prototypic PPARγ target genes in 737 

microglia, and enhance microglial phagocytic activity in an in vitro hematoma clearance model. (A) 738 

Western blots to determine microglial induction of PPAR  and Mn-SOD at 24 h after exposure to ACM or 739 

HN (20 μM). The significance of induction was as follow: CON vs. ACM in PPAR  n = 3, two-tailed 740 

unpaired t test, *p= 0.0310, t values (t = 5.548). CON vs. HN in PPAR  n = 4, two-tailed unpaired t test, 741 

*p = 0.0337, t values (t = 2.741). CON vs. ACM in Mn-SOD, n = 4, two-tailed unpaired t test, *p = 0.0289, 742 

t values (t = 2.857). CON vs. HN in Mn-SOD, n = 4, two-tailed unpaired t test, *p = 0.0209, t values (t = 743 

3.109).  (B) Mn-SOD and PPARγ protein levels in the microglia. ACM after removing Mt (mitochondria 744 

depleted-ACM; mdACM - by filtration with 0.22-μm filter alone) or in combination with HN neutralizing 745 

antibody (Ab-HNr, 100 ng) were added to cultured microglia and incubated for 24 h, as above.   746 

The significant changes in PPARγ, n = 3-4, one-way ANOVA/Kruskal-Wallis test, were for ACM vs. 747 

mdACM treatment, *p = 0.0486, mean rank diff (7.0) and for mdACM vs. mdACM + HN, *p = 0.0011, 748 

mean rank diff (-12.5). The significant changes in Mn-SOD; n = 3-5, one-way ANOVA/Kruskal-Wallis test 749 

were for ACM vs. mdACM, *p = 0.0173, mean rank diff (8.4); mdACM vs. HN, *p = 0.0210, mean rank 750 

diff (-9.4); and for mdACM vs. mdACM + HN, *p = 0.0084, mean rank diff (-10.73). (C) Gene expression 751 

profile by RT-PCR (SYBR real-time analysis) in microglia treated with ACM or HN (20 μM) for 24 h. 752 

Data are shown as mean ± SEM, n = 3, one-way ANOVA/Fisher’s LSD test, PPARγ; *p = 0.0131, t values 753 

(t = 3.484) at control vs. HN; LPL; *p = 0.0386, t values (t = 2.638) at control vs. ACM, *p = 0.0007, t 754 

values (t = 6.355) at control vs. HN; Catalase; *p = 0.0353, t values (t = 2.705) at control vs. ACM, *p = 755 

0.0063, t values (t = 4.102) at control vs. HN; IL-1β; *p = 0.0018, t values (t = 6.057) at control vs. ACM, 756 

*p = 0.0131, t values (t = 3.484) at control vs. HN. (D-E) Phagocytosis assay. Rat primary microglia were 757 

treated with ACM, HN (20 μM), or vehicle (control) for 24 h. Rat RBC (1 × 106 RBC/well) were added as 758 

a phagocytic target. After 2 h, the cells were fixed and processed for immunostaining to determine the 759 
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number of engulfed RBCs. (D) Representative confocal image of microglia/CD11b+ (green) containing 760 

engulfed RBC (red). Scale bar = 10 μm. (E) Index of phagocytosis illustrating increased levels with ACM 761 

or HN treatment. Data are shown as mean ± SEM, n = 3-4 per group, one-way ANOVA/Bonferroni’s test, 762 

*p = 0.0013, CON vs. ACM, t values (t = 6.227); *p = 0.0002, CON vs. HN, t values (t = 8.228). CON = 763 

control.  764 

Figure 9. ACM from HN-deficient astrocytes has reduced capacity to modulate microglia.  Rat 765 

astrocytes were transfected with HNr-specific siRNAs or scrambled RNA for 24 h. After 24 h, siRNA-766 

containing media was replaced with fresh culture medium. 48 h later ACM was collected and transferred 767 

onto cultured microglia (see schematic, panel A). The microglia were incubated with ACM for 24 h. The 768 

knockdown efficiencies of two different siRNAs in astrocytes were assessed by confirming reduced protein 769 

level using immune dot blot analysis for HNr (B). (C) Gene expression profiles of PPAR , LPL, and IL-1  770 

by SYBR real-time RT-PCR in microglia treated for 24h with ACM collected from astrocytes treated with 771 

siRNA targeting HNr or scrambled siRNA. Data are shown as mean ± SEM and assessed for difference 772 

between scrambled siRNA and HNr. For scrambled vs HNr; scrambled ACM (n=3), HNr knockdown 773 

ACM (n=5), two-tailed unpaired t-test, PPARγ; *p = 0.0357, LPL; *p = 0.0430, t values (t = 2.558), IL-1β; 774 

*p = 0.0024, t values (t = 5.007).  775 

 776 

Figure 10. Astrocytes release Mt and HN that are taken up by microglia. The new microglia-adopted Mt 777 

and astrocyte-secreted HN may amplifies microglial PPAR  production and PPARγ-dependent gene targets 778 

induction, known to promote a “healing” microglial phenotype characterized by improved phagocytic 779 

efficiency and anti-inflammatory and trophic effects. 780 

 781 

Extended data, Figure 6-1. Microglia taking up astrocytic Mt. Astrocytes in culture were treated with 782 

MitoTracker/CMX/Ros to label Mt. After extensive washing to remove MitoTracker and 24 h incubation to 783 
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accumulate Mt in the media, the media containing labeled astrocytic Mt were transferred to rat primary 784 

microglia in culture. Time-lapse images (0 min, top panel and 14 h, bottom panel) were collected to 785 

document Mt transfer into microglia over a 14 h period. Images of three representative microglial cells 786 

(color-coded as blue, red and yellow) prior to Mt transfer (0 min, top panel) and at the end time point (14 h, 787 

bottom panel) are shown. Vast majority of microglia in a culture dish took up astrocytic Mt. 788 
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