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Abstract 30 

Brain injury from stroke is typically considered an event exclusive to the central nervous system , 31 

but injury progression and repair processes are profoundly influenced by peripheral immunity. 32 

Stroke stimulates an acute inflammatory response that results in a massive infiltration of 33 

peripheral immune cells into the ischemic area. While these cells contribute to the development 34 

of brain injury, their recruitment has been considered as a key step for tissue repair. The 35 

paradoxical role of inflammatory monocytes in stroke raises the possibility that the manipulation 36 

of peripheral immune cells prior to infiltration into the brain could influence stroke outcome. 37 

One such manipulation is remote ischemic limb conditioning (RLC), which triggers an 38 

endogenous tolerance mechanism. We observed that mice subjected to post-stroke RLC shifted 39 

circulating monocytes to a CCR2+ pro-inflammatory monocyte subset and had reduced acute 40 

brain injury, swelling, and improved motor/gait function in chronic stroke. The RLC benefits 41 

were observed regardless of injury severity, with a greater shift to a CCR2+ subset in severe 42 

stroke. Adoptive transfer of CCR2-deficient monocytes abolished RLC-mediated protection. The 43 

study demonstrates the importance of RLC-induced shift of monocytes to a CCR2+ pro-44 

inflammatory subset in attenuating acute injury and promoting functional recovery in chronic 45 

stroke. The defined immune-mediated mechanism underlying RLC-benefits allows for an 46 

evidence-based framework for the development of immune-based therapeutic strategies for 47 

stroke patients. 48 

49 
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Significance Statement 50 

Stroke is the leading cause of physical disability worldwide, but has few treatment options for 51 

patients. Because remote ischemic limb conditioning (RLC) elicits endogenous tolerance in 52 

neither an organ- nor a tissue-specific manner, the immune system has been considered a 53 

mediator for an RLC-related benefit. Application of RLC after stroke increased a pro-54 

inflammatory CCR2+ monocyte subset in the blood and the brain. RLC reduced acute stroke 55 

injury and promoted motor/gait function during the recovery phase. The RLC-benefits were 56 

absent in mice that received CCR2-deficient monocytes. This pre-clinical study shows the 57 

importance of CCR2+ pro-inflammatory monocytes in RLC-benefits in stroke and provides a 58 

therapeutic RLC platform as a novel immune strategy to improve outcomes in stroke patients. 59 

60 
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Introduction 61 

Ischemic conditioning is an adaptive endogenous protection, in which sub-lethal ischemia 62 

provides protection to organs or tissues from subsequent full insults (Dirnagl et al., 2009). The 63 

conditioning effect on ischemia-reperfusion injury also occurs remotely, and pre-clinical and 64 

clinical studies show that it protects multiple organs, including the brain, heart, and kidney (Zhou 65 

et al., 2011; Hoda et al., 2014; England et al., 2017; Oliveira et al., 2017). Ischemic conditioning 66 

applied before (pre), during (per), or after (post) insults elicits tolerance across these paradigms. 67 

Significant clinical attention has been given to remote ischemic limb conditioning (RLC) due to 68 

its non-invasive nature and potential therapeutic applications in stroke patients. 69 

Several pre-clinical studies have shown that ischemic conditioning reduces infarct size 70 

(Hoda et al., 2012; Sun et al., 2012). Understanding of the mechanism(s) conferring RLC-71 

induced benefits is currently limited, but the observation of cross-organ protection from a distant 72 

conditioning site suggests the involvement of neural and humoral factors. In cardiac ischemia 73 

and stroke studies, increased blood flow was associated with RLC-mediated infarct reduction 74 

(Hoda et al., 2012; Kono et al., 2014). Circulation factors, such as nitrite and bradykinin, are also 75 

implicated in the protective effects (Starkopf et al., 1997; Rassaf et al., 2014; Hess et al., 2016). 76 

RLC induces a reduction in macrophage and neutrophil infiltration of the heart, as well as a 77 

reduction of both circulating CD3+/CD8+ T cells and NK cells following stroke (Wei et al., 78 

2011; Liu et al., 2016). Ischemic conditioning also dramatically increases stroke-induced B cells 79 

and non-inflammatory resident monocytes in the blood (Liu et al., 2016). Together, these studies 80 

suggest that immune cell modulation underlies RLC-mediated protection in ischemic injury. 81 

The role of immune cells in cerebral ischemia has been equivocal. Enhanced 82 

inflammation is associated with exacerbated ischemic outcome (McColl et al., 2007), but post-83 



 

 6 

ischemic inflammation is also considered to be a necessary process for tissue remodeling (Zhao 84 

et al., 2006; Ekdahl et al., 2009). In myocardial infarction, RLC-induced protective effects are 85 

associated with an attenuated inflammatory response by decreasing the number of infiltrated 86 

macrophages and neutrophils to the infarct (Wei et al., 2011). In contrast, conditioning-induced 87 

endogenous neuroprotection is closely linked to inflammation in stroke (Ohtsuki et al., 1996; 88 

Bordet et al., 2000). Inflammatory mediators such as cytokines, chemokines, and toll-like 89 

receptors are critical for conditioning-induced protection, and the absence of these mediators 90 

abolishes the conditioning effect (Wang et al., 2015; McDonough and Weinstein, 2016).  Thus, 91 

these studies support a close link between pro-inflammation and conditioning-mediated 92 

protection.  93 

 Monocytes are a major source of inflammatory mediators and are key players in stroke 94 

pathology. Circulating monocytes in mice are found in two distinct subsets: Classical monocytes 95 

express a high level of Ly-6C and also express C-C chemokine receptor type 2 (CCR2+). The 96 

classical monocytes (Ly-6Chigh /CCR2+) are recruited into the inflamed tissue in a CCR2- 97 

dependent manner and become classically activated M1 macrophages. This subset produces 98 

inflammatory and cytotoxic factors and contributes to inflammation. Nonclassical monocytes 99 

express a low level of Ly-6C and do not express CCR2. This anti-inflammatory subset patrols 100 

blood vessel lumens for immune surveillance, maintains vascular homeostasis, and facilitates 101 

tissue repair and remodeling (Gordon, 2007; Auffray et al., 2009). Stroke increases the number 102 

of circulating monocytes, which infiltrate the brain. Peak infiltration occurs a few days after 103 

stroke (Urra et al., 2009; Kim et al., 2014). Literature indicates that Ly-6Chigh subset limits 104 

ischemic damage by assisting microvasculature stability and debris removal (ElAli and Jean 105 

LeBlanc, 2016). Similarly, mice with depleted peripheral Ly-6Chigh/CCR2+ monocytes have 106 



 

 7 

worse stroke recovery (Chu et al., 2015; Wattananit et al., 2016), supporting the potential 107 

importance of CCR2+ monocytes in functional benefits. Monocyte trafficking to the injured 108 

brain can potentially lead to immune depression and infection in the periphery (Aslanyan et al., 109 

2004; Chamorro et al., 2006). Thus, these findings indicate the importance of monocyte subset 110 

distribution between the brain and periphery for eliciting necessary inflammation in the brain and 111 

for counteracting peripheral infection. This balance is disrupted in stroke. The present study 112 

therefore investigated the effect of post-ischemic RLC on monocytes changes in the periphery 113 

and the brain after stroke, and how the changes modify acute and long-term stroke outcome. 114 

Here, we report that an acute shift of circulating monocytes towards CCR2+ pro-inflammatory 115 

subset mediates RLC-induced functional benefits in stroke.  116 

117 
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Materials and Methods 118 

Experimental Design 119 

Initial experiments with C57BL/6 mice were done in males, and further mechanistic experiments 120 

were done in both males and females. A total of 283 mice were included in the study: 36 mice (8 121 

sham-conditioning and 28 remote limb conditioning (RLC)) to study the effect of RLC without 122 

stroke, 101 mice (50 sham-conditioning and 51 RLC) to study monocyte subset changes and/or 123 

injury size measurement in vivo, 12 mice (5 sham-conditioning and 7 RLC) to study in vitro 124 

monocytes conversion, 39 mice (20 sham-conditioning and 19 RLC) for long-term behavioral 125 

tests, 37 mice (18 sham-conditioning and 19 RLC) for injury size-dependent monocytes subsets 126 

change, 18 mice (4 WT sham-conditioning, 4 WT RLC, 5 CCR2 KO sham-conditioning and 5 127 

CCR2 KO RLC) for WT and CCR2 KO adoptive transfer study without stroke, 16 mice ((8 128 

sham-conditioning (3 male and 4 female) and 8 RLC (4 male and 4 female)) to study monocyte 129 

subset changes in CCR2 KO adoptive transfer mice, and 24 mice (11 sham-conditioning (6 male 130 

and 5 female) and 13 RLC (9 male and 4 female)) for the CCR2 KO adoptive transfer long-tern 131 

behavioral study. 132 

Animals 133 

A priori calculations for sample sizes indicated that a minimum of 10 animals per group was 134 

needed for injury size measurement and behavioral testing to reach power 0.80 at a significance 135 

level of <0.05, based on a 27% difference in mean and a 20% standard deviation at the 95% 136 

confidence level. The use of animals and procedures was approved by the Institutional Animal 137 

Care and Use Committee (IACUC) of Weill Cornell Medicine and in accordance with the 138 

IACUC, National Institutes of Health, and Animal Research: Reporting of In Vivo Experiment 139 
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guidelines. Experiments were performed in 11- to 13-week-old male and female C57BL/6 mice 140 

(Jackson Lab, Bar Harbor, ME) and CCR2 knock-out (CCR2 KO) mice (Jackson Lab). Mice 141 

were housed at the institute’s animal facility, which monitors and maintains temperature, 142 

humidity, and 12-hour light/dark cycles. A maximum of five mice was housed per cage, and all 143 

cages contained an individual ventilating system and irradiated bedding (1/800 Bed o’Cobs, The 144 

Anderson, Maumee, OH). Sterilized food (PicoLab Rodent diet 5053, LabDiet, St Louise, MO) 145 

and water were freely accessible in their cage. Animals were randomly selected for different 146 

experimental groups. Animals’ identity and treatment were blinded to the person who 147 

cryosectioned brains and assessed stroke outcomes.  148 

Transient Middle Cerebral Artery Occlusion 149 

Mice were subjected to transient middle cerebral artery occlusion (MCAO) under anesthesia 150 

using isoflurane, as previously described (Kim et al., 2014; Woo et al., 2016). Briefly, a fiber 151 

optic probe was glued to the parietal bone (2 mm posterior and 5 mm lateral to the bregma) and 152 

connected to a Laser-Doppler Flowmeter (Periflux System 5010; Perimed, Järfälla, Sweden) for 153 

continuous monitoring of cerebral blood flow in the ischemic territory. For MCAO, a 6-0 Teflon-154 

coated black monofilament surgical suture (Doccol, Redland, CA) was inserted into the exposed 155 

external carotid artery. The monofilament was advanced into the internal carotid artery, where it 156 

was wedged into the cerebral arterial circle to obstruct the origin of the middle cerebral artery for 157 

30 min. Following occlusion, the filament was withdrawn in order to allow reperfusion. 158 

Buprenorphine (0.5 mg/kg, S.C., every 12 h for first 48 h after surgery) and bupivacaine (0.1 ml 159 

of 0.25-0.5%, S.C., on incision site before incision) were administered as pre- and post-operation 160 

analgesics. Mice were then placed in a recovery cage until they regained consciousness and 161 

resumed activity. Using a rectal probe controlled by a masterflex pump and thermistor 162 
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temperature controller (Cole-Parmer, Vernon Hills, IL), body temperature was maintained at 163 

36.5±0.5⁰C during MCAO and recovery after the surgery. The mice were then returned to their 164 

home cages, where they were previously housed together. To hydrate animals after surgery, 165 

hydrogel (ClearH2O, Portland, ME) was provided with moistened food, and saline was injected 166 

subcutaneously when mice were severely dehydrated. Only animals that exhibited >80% 167 

reduction in cerebral blood flow during MCAO and >80% reperfusion 10 minutes after 168 

reperfusion were included in the study. Body weight was measured at the time of MCAO and 169 

daily up to 7D, weekly up to 4W, and then monthly up to 4M post-stroke. 170 

Remote Ischemic Limb Conditioning 171 

The RLC protocol used in this study was adapted from clinical trials in stroke or myocardial 172 

infarct patients (Clinical trial ID NCT01071265, NCT01654666, NCT00435266, NCT00997217, 173 

NCT01321749 etc.). RLC was performed on the left hindlimb of the isoflurane-anesthetized 174 

mice by applying total 5 cycles of inflation and deflation (200 mmHg, 5 min x 5 min interval 175 

between cycles) using a small blood pressure cuff (D.E. Hokanson, Bellevue, WA). RLC was 176 

applied either single or repeatedly by a daily application. For a post-stroke application, RLC was 177 

applied 2h after reperfusion. The sham-conditioned group exposed to the same duration of 178 

isoflurane was served as a control. 179 

Splenectomy and Adoptive Transfer of CCR2 KO Splenocytes Into C57BL/6 Mice 180 

Splenectomy and adoptive transfer of splenocytes were performed as previously reported (Kim et 181 

al., 2014). Briefly, 13-week-old mice were anesthetized with isoflurane and an ~1 cm incision 182 

was made on the left side of the abdominal cavity under the rib cage. The spleen was removed 183 

and the splenic vessels were cauterized. As an analgesic, meloxicam (5 mg/kg, P.O.) was 184 
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administered right before the surgery, in addition to buprenorphine (0.5 mg/kg, S.C., every 12 h 185 

for first 48 h after surgery) and bupivacaine (0.1 ml of 0.25-0.5%, S.C., on incision site before 186 

incision). Splenocytes collected from a CCR2 KO mouse were immediately transferred via retro-187 

orbital injection to an asplenic C57BL/6 mouse. The mice were then subjected to MCAO, 188 

followed by sham-conditioning or RLC. 189 

Brain Acute Injury Size Measurement 190 

Three days after MCAO, brains spanning ~7.2 mm rostrocaudal (roughly +3.1 mm and 191 

extending to -4.2 mm from bregma) were cryosectioned at 20 μm thickness and were collected 192 

serially at 600 μm intervals. A total of 13 brain sections were used for infarct size and swelling 193 

measurements, which were performed with Axiovision software (Zeiss, Oberkochen, Germany) 194 

as previously described (Kim et al., 2014; Kim et al., 2015). Collected brain sections were 195 

examined with a phase-contrast microscopy to visualize infarcted area. Infarct territory was 196 

traced in each section to calculate the infarct area. Infarct volume was determined by multiplying 197 

the infarct area (mm2) in each section by the distance (0.6 mm) to the next section and adding the 198 

results from all the sections. Infarct volume was corrected for edema by subtracting the 199 

hemispheric difference. To calculate percent hemispheric swelling, the difference between 200 

ipsilateral and contralateral hemispheric volume was divided by contralateral hemisphere volume 201 

and multiplied by 100. 202 

Flow Cytometry 203 

Flow cytometry analysis for monocytes in the spleen and blood was performed according to the 204 

methods previously described (Kim et al., 2014). Spleen and blood cells were incubated with 10% 205 

fetal bovine serum in phosphate-buffered saline with mouse BD Fc Block (Rat anti-mouse 206 
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CD16/CD32, 553142) at 4⁰C for 30 min. Single cells were subsequently incubated with: (i) a 207 

cocktail of phycoerythrin-conjugated antibodies (PE-Lin) against T cells (PE rat anti-mouse 208 

CD90.2, 553005), B cells (PE rat anti-mouse CD45R/B220, 553089), natural killer cells (PE 209 

mouse anti-mouse NK-1.1, 557391, and PE rat anti-mouse CD49b, 553858) and granulocytes 210 

(PE rat anti-mouse Ly-6G, 551461); (ii) phycoerythrin and cyanine 7-conjugated CD11b (PE-211 

Cy7 rat anti-mouse CD11b, 552850 or mouse CD11b-PE-Vio770, 130-109-287, Miltenyi Biotec, 212 

San Diego, CA); and (iii) fluorescein isothiocyanate-conjugate Ly-6C (FITC rat anti-mouse Ly-213 

6C, 553104) for 40 min. The monocyte population was gated as Lin negative/CD11b positive 214 

(Lin-/CD11b+), and the selected population was further analyzed for the distribution of Ly-6Chigh 215 

and Ly-6Clow monocyte subsets using FITC-Ly-6C antibody. For the brain tissue, single brain 216 

cells from contralateral and ipsilateral hemispheres were prepared using Neural Tissue 217 

Dissociation Kit (P) (Miltenyi Biotec) with gentleMACS Octo Dissociator (Miltenyi Biotec) 218 

according to manufacturer’s instructions. To obtain mononuclear cells from brain single cell 219 

suspension, discontinuous Percoll gradient method (30%, 37%, and 70%; GE Healthcare, 220 

Pittsburgh, PA) was used (Woo et al., 2016). To detect myeloid lineage cells in the central 221 

nervous system, PE-conjugated CD45 (PE rat anti-mouse CD45, 553081) and PE-Cy7-CD11b or 222 

CD11b-PE-Vio770 antibodies were used to identify CD11b positive and CD45 low expressed 223 

population (CD45low) and CD11b positive and CD45 high expressed population (CD45high), 224 

which were further analyzed with the FITC-Ly-6C antibody. Only live cells were included using 225 

Live/Dead® Fixable dead cell stain kit (ThermoFisher, Waltham, MA). A total of 100,000 cells 226 

were counted per each sample using a flow cytometer (Accuri C6, BD Biosciences, San Jose, CA 227 

or MACSQuant VYB, Miltenyi Biotec). All antibodies used for flow cytometry were purchased 228 

from BD Biosciences unless noted otherwise. For multicolor compensation, Anti-Rat and Anti-229 
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Hamster Igκ/Negative Control Compensation Particles Set (552845, BD Biosciences), Anti-230 

Mouse Igκ/Negative Control Compensation Particles Set (552843, BD Biosciences) and MACS 231 

Comp Bead Kit (130-107-755, Miltenyi Biotec) were used. Flow cytometry data were analyzed 232 

using FlowJo software (FlowJo, LLC, Ashland, OR). 233 

Assessment of monocyte subsets in vitro  234 

Sera were collected from sham-conditioned or RLC mice 24h after MCAO surgery and were 235 

stored at -80⁰C until use. Naïve splenocytes were collected and prepared for single cell 236 

suspensions, as described above. Following single splenocytes collection, CD11b+ splenocytes 237 

were isolated using CD11b MicroBeads (130-049-601, Miltenyi Biotec) according to the 238 

manufacturer’s instructions. CD11b+ splenocytes were then incubated either without serum, with 239 

sham-conditioned serum, or with RLC serum for 4h at 37⁰C with 5% CO2. After 4h of incubation, 240 

cells were collected and stained for flow cytometry as described above. A total of 20,000 cells 241 

were analyzed by a flow cytometer. Sera from each group (n=3-4) were combined together and 242 

assays were quadruplicated. Two independent experiments were performed. 243 

Assessment of MCP-1 and IL-1ß mRNA levels  244 

Total RNA from brain tissues (3 days post stroke) was reverse-transcribed using QuantiTech 245 

reverse transcription kits (Qiagen, Valencia, CA) and relative mRNA levels were measured using 246 

fluorescent TaqMan real-time RT-PCR (Woo et al., 2016). TaqMan predeveloped assay reagents, 247 

probes and gene-specific primers from life technologies for MCP-1 (Mm00441242_m1) and IL-248 

1ß (Mm00434228_m1) were utilized (Life Technologies, Waltham, MA). β-actin was used as an 249 

internal control for sample normalization using the following formula:  250 

Value = 2(β-actin threshold cycle − target gene threshold cycle) 251 
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PCR reaction was performed in an Applied Biosystems 7500 fast real-time PCR system (Life 252 

Technologies) using FastStart Universal Probe Master Mix (Roche Applied Science, Penzberg, 253 

Germany).    254 

Behavior Assessment 255 

RotaRod performance and gait analysis were conducted as previously described (Qin et al., 2014; 256 

Kim et al., 2015). The RotaRod device (ENV-576M, Med Associates, Inc., Georgia, VT) 257 

accelerated from 4 to 40 rpm over the course of 5 min. The animals were pre-trained for 7D 258 

before MCAO, and performances for each animal on the last three days prior to ischemia were 259 

recorded and averaged for the pre-ischemic baseline for that animal. The latency to fall from the 260 

rod was averaged from five trials. Gait changes were assessed using a Noldus Catwalk XT gait 261 

analysis system (Noldus Information Technology, Leesburg, VA). The Catwalk measures the 262 

kinematics of gait while the mouse walks from one end of a flat surface to another. Footprints 263 

were identified and digitally recorded when the light changes with paw placement on the glass-264 

walking surface. Regularity index was used to gauge overall gait function. For detecting 265 

asymmetry, paw contact area, intensity of paw pressure, stride length, and swing speed of the 266 

affected side of the body (left side) were used. Mice were pre-trained for 2 weeks to cross an 267 

illuminated glass walkway three consecutive times, which is a necessary step to obtain 268 

quantifiable digital signals. The average recording on the last three days prior to stroke was used 269 

for a pre-ischemic baseline for each animal. Post-stroke testing was performed during acute 270 

(days), sub-acute (weeks), and recovery (months) phases following the stroke. Behavioral data 271 

were presented as a percentage of pre-ischemic baseline (%pre) to account for inter-animal 272 

variability. 273 

Statistics 274 
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Comparisons between two groups were statistically evaluated using Student’s t-test. Multiple 275 

comparisons were examined using ANOVA followed by post hoc Bonferroni’s multiple 276 

comparisons. Two-way ANOVA with post hoc Bonferroni’s comparison was performed for (i) 277 

effect of stroke and (ii) effect of RLC. Statistical analyses were performed using Prism software 278 

(GraphPad Software Inc., La Jolla, CA). Infarct volume and percent hemispheric swelling were 279 

reported as mean±95% confidence interval, and all other data were reported as mean±SEM. 280 

Differences were considered significant if p<0.05. 281 

282 
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Results 283 

RLC shifts circulating monocytes towards pro-inflammatory subset in non-stroked animals 284 

We first investigated the effect of single or repeated RLC on peripheral immune cell changes in 285 

non-stroked animals. Using a gating strategy shown in Figure 1A, we identified the leukocyte 286 

(Lin+ and Lin-/CD11b+: T cells, B cells, neutrophils, NK cells, and monocytes) and monocyte 287 

(Lin-/CD11b+) populations in the spleen. RLC did not change either leukocyte or monocyte 288 

counts at 3D or 7D after initial RLC (Extended figure 1-1A and 1-1B). Analysis of monocyte 289 

subsets showed that RLC increased Ly-6Chigh subset 3D after either single or repeated RLC, but 290 

the ratio of pro- to anti-inflammatory monocyte subsets was unchanged (Extended figure 1-1C). 291 

We next determined the effect of RLC in  the blood.  Repeated RLC, but not single RLC, 292 

significantly increased total leukocyte counts at 3D without changes in monocyte counts (Figure 293 

1B and 1C). RLC reduced Ly-6Clow subset with a concomitant increase in the Ly-6Chigh subset 294 

3D after single conditioning, which led to a significant shift in circulating monocytes towards a 295 

pro-inflammatory status (Figure 1D). The shift was greater with single RLC than with repeated 296 

RLC, and the effect of single RLC lasted up to 7D. The results showed that single RLC induced 297 

robust and long-lasting changes in monocyte subsets in the periphery at 3D, and this RLC 298 

paradigm was used for the rest of the study.   299 

RLC decreases circulating Ly-6Clow monocytes in the stroked mice 300 

The effect of single RLC on monocyte subsets change was determined in mice with transient 301 

focal stroke (Figure 2A). RLC did not change pro- and anti-inflammatory monocyte subsets in 302 

the spleen after stroke (Figure 2B). RLC significantly decreased Ly-6Clow monocytes in the 303 



 

 17 

blood, but there was neither an increase in Ly-6Chigh subset nor a monocyte shift towards a pro-304 

inflammatory subset in the blood (Figure 2C).  305 

RLC reduces Ly-6Clow and increases Ly-6Chigh subsets in the stroked brain 306 

Stroke induces dynamic trafficking of immune cells from the periphery to the injured brain (Kim 307 

et al., 2014). The absence of an RLC-induced monocyte shift in the circulation of stroked mice 308 

suggested there was trafficking of Ly-6Chigh monocytes to the injured brain. In the brain 309 

contralateral to the stroke lesion, CD11b+ cells were mostly a CD45low population. By contrast, 310 

cells in the ipsilateral hemisphere were CD45low and CD45high, and likely represented the resident 311 

microglia and infiltrated macrophages (Figure 3A) (Kim et al., 2014). Unlike the periphery, there 312 

were no distinct Ly-6Clow and Ly-6Chigh subsets in the brain (Figure 3A), which reflected the 313 

down-regulation of Ly-6C expression in the brain as monocytes differentiate to tissue 314 

macrophages (Gliem et al., 2016). By using the Ly-6C gating strategy defined by periphery in 315 

Figure 1A, we found that RLC did not affect Ly-6C subsets in the CD45low population in the 316 

contralateral hemisphere (Sham vs. RLC, %Ly-6Clow, 61.21±3.12% vs. 64.23±1.73%, 317 

p=0.3859; %Ly-6Chigh 14.73±2.98% vs. 14.27±1.25%, p=0.8782). In the ipsilateral hemisphere, 318 

RLC did not affect Ly-6Clow and Ly-6Chigh subsets in the CD45low resident microglia population 319 

or the ratio between the subsets (Figure 3B). In the CD45high population, RLC decreased the Ly-320 

6Clow and increased Ly-6Chigh subsets, which showed a monocyte shift to pro-inflammatory 321 

status (Figure 3C). The RLC-induced pro-inflammatory shift only in the infiltrating CD45high 322 

population suggests a shift in the blood prior to their trafficking to the brain. 323 

RLC converts anti-inflammatory monocytes to a pro-inflammatory subset in vitro 324 
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We further confirmed the in vivo findings that RLC induces a shift in monocyte subsets within 325 

the periphery after stroke by using in vitro splenocyte culture, in which there is no monocyte 326 

trafficking (Figure 4A). Exposure of the sera obtained from stroke/RLC mice to CD11b+ 327 

splenocytes showed a reciprocal reduction of Ly-6Clow and an increase of Ly-6Chigh monocytes 328 

when compared to the cells exposed to stroke/sham-conditioned sera (Figure 4B). These changes 329 

of monocyte subsets by treating with stroke/RLC serum led to a significant shift of monocytes to 330 

the pro-inflammatory subset.  331 

RLC reduces brain injury and improves functional recovery   332 

Effect of RLC on acute stroke outcomes was determined 3D after stroke. Compared to sham-333 

conditioned mice, animals with RLC showed a moderate, but significant, reduction in infarct size 334 

and swelling (Figure 5). The improved acute stroke outcome was associated with reduced MCP-335 

1 and IL-1ß gene expression, pro-inflammatory mediators, in the ipsilateral hemisphere at this 336 

time (Sham vs RLC: MCP-1 (x10-3), 1.51+0.71 vs 0.7+0.53, p<0.05, n=7): IL-1ß (x10-4) 337 

1.36+0.97 vs 0.31+ 0.21 p<0.001, n=6). Stroke-induced acute body weight loss and body weight 338 

gain during a recovery period were similar between the sham-conditioning and RLC groups 339 

(Figure 5-1). Motor function assessment by RotaRod performance test showed that both groups 340 

had similar motor deficit during acute and sub-acute periods through 2W, after which RLC mice 341 

showed significantly enhanced motor function that lasted up to 4M post-stroke (Figure 6A). RLC 342 

application also improved inter-limb coordination, as determined by the regularity index (Figure 343 

6B). Further analyses of gaits of forelimb and hindlimb of the impaired side (left side of the body 344 

due to right MCAO) showed fewer acute deficits and a significant improvement of gaits in the 345 

maximum contact area, mean intensity, stride length and swing speed during the recovery period 346 
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(Figure 6C). Together, the behavior assessments demonstrate that a single post-stroke RLC 347 

application produced long-lasting functional improvement in chronic stroke. 348 

RLC enhances functional recovery across injury severity 349 

To identify potential adverse events of RLC application in severe stroke injury, we compared 350 

behavior outcome in RLC animals with moderate and severe brain injury. Both the literature and 351 

our pre-clinical data showed that stroke-induced acute body weight loss is positively correlated 352 

with infarct size (Jonsson et al., 2008; Qin et al., 2014). In our analysis of C57BL/6 male mice, 353 

there was a significant correlation of body weight loss at 3D post-stroke with infarct volume 354 

(p<0.0001, R2=0.1598) and brain swelling (p<0.0001, R2=0.3608) (Yang et al., 2019) . Based on 355 

these observations, we retrospectively divided stroke/RLC mice into two groups according to the 356 

extent of body weight loss at 3D post-stroke: less than 15% of body weight loss for moderate 357 

injury (n=7), and greater than or equal to 15% of body weight loss for severe injury group (n=13). 358 

Sub-analysis of RotaRod performance showed that motor function improvement was different 359 

between RLC with moderate injury and RLC with severe injury for up to 3W post-stroke. After 360 

this time point, however, no significant difference was observed from 1M to 4M (Figure 7A). 361 

Additionally, mice with severe body weight loss showed worse interlimb coordination, but this 362 

recovered to baseline during a recovery phase (Figure 7B). Gait parameters of the individual 363 

limb on the affected side of the body also showed greater deficits in the severe weight loss group 364 

when compared to lower weight loss animals in the early time points following the stroke, and 365 

then showed profound recovery at later recovery stages (Figure 7C). The functional 366 

enhancements in the chronic recovery stage with mice having either moderate or severe weight 367 

loss indicates that RLC is a feasible therapy that can promote functional recovery across injury 368 

severities. 369 
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Stroke severity determines the extent of RLC-induced monocyte shift 370 

To understand the causative role of injury severity on RLC-induced pro-inflammatory monocyte 371 

shift, we tested whether stroke severity determines the extent of the RLC-induced monocyte shift. 372 

Separate cohorts of mice subjected to stroke received either sham-conditioning or RLC at 2h 373 

post-stroke, and both brain and serum were collected at 24h according to the experimental 374 

timeline (Figure 2A). Based on the infarct volume measured at 24h post-stroke, stroke/RLC mice 375 

were divided into moderate (< 25 mm3) and severe (> 30 mm3) injury groups (Figure 8A). There 376 

was no difference in monocyte subsets within splenocytes incubated with moderate and severely 377 

injured sera of sham-conditioned mice (Sham-mod vs. Sham-sev, Ly-6Clow 49.84 3.97 vs. 378 

42.48 2.89, p=0.1720; Ly-6Chigh 27.16 2.54 vs. 30.26 1.51, p=0.3245). Therefore, we 379 

combined results from sham-conditioned mice. Naïve splenocytes incubated with RLC sera from 380 

moderate and severe injured mice showed a reduction of Ly-6Clow monocytes and an increase in 381 

the Ly-6Chigh subset, with sera from severely injured mice generating the greatest shift (Figure 382 

8B). Notably, the ratio of Ly-6Chigh to Ly-6Clow also showed dose-dependent monocyte shift 383 

(Figure 8B). Together, these results showed that injury severity dictates the extent to which RLC 384 

induces a monocyte shift to promote functional recovery, indicating the importance of RLC-385 

induced pro-inflammatory monocyte shift on stroke recovery.  386 

CCR2-deficient splenocytes transfer abolishes RLC-mediated protection 387 

To further investigate the importance of pro-inflammatory monocytes in RLC-induced benefits 388 

in stroke, CCR2 KO splenocytes were adoptively transferred to the asplenic C57BL/6 mice 389 

according to the previously described method (Kim et al., 2014). In non-stroked mice, RLC 390 

significantly shifted blood monocytes towards pro-inflammatory status in mice that received 391 
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congenic splenocytes, but not in the mice that received CCR2 KO splenocytes (Figure 9B). We 392 

further investigated the effect of CCR2 deficiency in stroke. In stroked mice that received CCR2-393 

deficient splenocytes, RLC did not induce a monocyte shift to pro-inflammatory status in the 394 

blood or the brain (Figure 9C-E). Animals that received CCR2-deficient splenocytes did not 395 

show RLC-enhanced motor or gait recovery assessed up to 2M, compared to sham-conditioned 396 

mice (Figure 10). These results show that the CCR2-dependent pro-inflammatory monocyte shift 397 

is an underlying  cellular mechanisms for  RLC-induced benefits after ischemic stroke. 398 

399 
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Discussion 400 

RLC has emerged as a non-invasive and clinically applicable strategy for cross-organ protection. 401 

Although several events are suggested to underlie conditioning-mediated protection (Zhou et al., 402 

2011; Hoda et al., 2012; Hoda et al., 2014), a clear mechanistic understanding by which RLC 403 

exerts protection has not been addressed. In light of literature indicating the involvement of 404 

inflammatory mediators in conditioning-mediated protection, this study focused on RLC-induced 405 

peripheral monocyte inflammatory status changes, and addressed whether this change 406 

contributes to neuroprotection and functional recovery after stroke. Our major findings are that 407 

RLC produces an acute alteration in circulating monocytes towards a pro-inflammatory status, 408 

and this acute monocyte shift attenuates brain infarct and swelling and enhances long-term 409 

functional recovery. Notably, the extent of RLC-induced pro-inflammatory monocyte shift is 410 

injury severity-dependent, but behavioral improvement was observed regardless of the severity 411 

of injury. The absence of RLC-induced protection in mice that received CCR2-deficient 412 

splenocytes showed the importance of CCR2+ monocytes in RLC-enhanced functional recovery 413 

and defined a neuro-immune based mechanism for RLC benefits in chronic ischemic stroke. 414 

 By applying RLC to naïve mice, the study provided an evidence of a pro-inflammatory 415 

monocyte shift in peripheral circulation. The monocyte subset shift was further confirmed in a 416 

closed culture system, where the monocyte trafficking to the injured brain is absent. Previous 417 

adoptive transfer and detailed lineage tracing studies have shown that Ly-6Chigh monocytes 418 

convert to Ly-6Clow monocytes in the blood and the bone marrow (Yona et al., 2013; Hilgendorf 419 

et al., 2014). Thus, our observation of increased Ly-6Chigh/CCR2+ monocytes raises the 420 

possibility that RLC may prevent the conversion of Ly-6Chigh monocytes to Ly-6Clow monocytes. 421 

Alternatively, the observed reciprocal reduction of Ly-6Clow and increase of Ly-6Chigh 422 
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monocytes by treating RLC sera indicates a potential Ly-6Clow to Ly-6Chigh subset conversion in 423 

the blood. Our observation that this shift is maintained in an infiltrated CD45high population, but 424 

not in the resident CD45low population, within the stroked brain further supports that RLC shifts 425 

peripheral monocytes towards a pro-inflammatory state. While the conversion of  Ly-6Clow to 426 

Ly-6Chigh subset by RLC sera treatment indicates an involvement of humoral factor(s) in 427 

circulation, the identity of these upstream factors induced by RLC is presently unknown. Out 428 

initial assessment of MCP-1 protein levels in RLC sera was similar to sham sera  (Sham: 502 ± 429 

214 pg/ml, RLC: 515 ± 390 pg/ml, n=7 /group, ns). We speculated that a combination of 430 

humoral factors acting in concert within a defined window is likely responsible for the monocyte 431 

shift in circulation. Future identification of a comprehensive set of upstream factors that cause 432 

the monocyte subset shift would potentially lead to drug development, a complementary 433 

pharmacological strategy for patients instead of the physical application of RLC.               434 

 Several mechanisms have been implicated in the RLC-induced benefits, including 435 

increased cerebral blood flow, increased nitrite in the blood, activated N-methyl-D-aspartate 436 

receptor, attenuated oxidative stress, and activated PI3K/Akt pathway (Zhou et al., 2011; Celso 437 

Constantino et al., 2014; Rassaf et al., 2014; Hess et al., 2016). With an emerging view of the 438 

critical role of inflammatory molecules in the stroke recovery (Chu et al., 2015; Wattananit et al., 439 

2016), this study demonstrated that RLC improves acute stroke outcome and functional recovery. 440 

Despite excessive inflammation being tightly associated with injury development (Hughes et al., 441 

2002; Dimitrijevic et al., 2006), our results indicate that sublethal stimulus by RLC-eliciting 442 

inflammation likely underlies the induction of ischemic tolerance. Inflammation is considered a 443 

necessary step for tissue remodeling and resolution (Zhao et al., 2006; Ekdahl et al., 2009). Our 444 
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observation of a reduction in brain edema is accompanied by reduced MCP-1 and IL-1 gene 445 

expression, indicating that RLC may accelerates the resolution of inflammation. 446 

 Whether functional benefits in a chronic recovery of RLC animals are derived from the 447 

acute neuroprotection is less clear. The similar acute behavioral deficits between sham-448 

conditioned and RLC mice indicates that RLC-induced functional recovery during the recovery 449 

phase is derived from events triggered by pro-inflammatory monocyte shift, rather than by acute 450 

neuroprotection itself. In several different types of stroke and myocardial infarction, the 451 

recruitment of pro-inflammatory monocytes into the injury site is critical for late functional 452 

recovery (Hilgendorf et al., 2014; Chu et al., 2015; Wattananit et al., 2016). The lack of the 453 

circulating monocytes shift at 4M post-stroke (Sham vs. RLC, %Ly-6Clow 31.8 3.5 vs. 34.6 4.5. 454 

p=0.6320; %Ly-6Chigh 16.9 4.4 vs. 20.6 4.6. p=0.2942) while there was persistent behavior 455 

improvement during the late recovery phase supports the potential importance of an early shift to 456 

CCR2+ subset by RLC for functional benefits in chronic stroke. The absence of monocyte shift 457 

and functional improvement  in the asplenic mice that received CCR2-deficient splenocytes 458 

further support the monocyte shift as a contributing cellular mechanism for RLC-induced 459 

protection.  460 

 Peripheral infection develop following ischemic stroke, which worsens neurological 461 

outcomes in both pre-clinical and clinical studies (Roth et al., 2001; Vermeij et al., 2009). While 462 

stroke severity, age, and dysphagia are known risk factors for post-stroke infection, there is 463 

increasing evidence that post-stroke immune depression triggers infections (Chamorro et al., 464 

2007). While our study did not directly address the effect of  RLC on peripheral infection, we 465 

speculate that increased pro-inflammatory monocytes by RLC may counteract stroke-induced 466 

immune depression and/or infection in the periphery. Since the infiltrated Ly-6Chigh/CCR2+ 467 
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monocyte subset differentiates into reparative tissue macrophages (Chu et al., 2015), providing 468 

an adequate number of pro-inflammatory monocytes to the ischemic brain could facilitate a rapid 469 

and orchestrated immune response in the injured brain. This response, in turn, can lead to a 470 

resolution of inflammation and functional recovery. 471 

 Clinical trials are highly controlled and typically exclude severe stroke patients with 472 

either combined major comorbidities or adverse cardiovascular events (ClinitalTrials.gov ID 473 

NCT03210051, NCT03231384, NCT03105141 etc.). This raises a potential safety issue and/or 474 

adverse effect on the application of RLC relevant injury severity. Based on a positive association 475 

between the extent of post-stroke body weight loss and infarct volume, we used animals’ body 476 

weight loss at 3D to estimate acute injury severity and divided animals into two groups using a 477 

cluster analysis. While RLC mice with greater body weight loss (and therefore a bigger infarct) 478 

displayed greater overall acute deficits in motor/gait function, their functional recovery was 479 

similar to those with moderate body weight loss (smaller infarct). Interestingly, the greater RLC-480 

induced pro-inflammatory shift with serum from animals with larger infarcts suggests that injury 481 

severity determines the extent of the monocyte shift and that the shift is causally linked to 482 

functional recovery in chronic stroke. Since no safety and feasibility concerns have been raised 483 

in human RLC trials (England et al., 2017; Zhao et al., 2017), our findings showing that RLC 484 

enhances behavioral recovery in both severe and moderately injured animals to a similar level 485 

suggests the potential for wide application of RLC in stroke patients. 486 

 Literature indicates the contributing role of pro-inflammatory monocytes in functional 487 

recovery as blocking CCR2+ monocytes recruitment, delaying stroke recovery (Chu et al., 2015; 488 

Wattananit et al., 2016). Thus, we have further determined the role of CCR2+ pro-inflammatory 489 

monocytes in RLC-induced monocyte shift and its effect on long-term stroke outcome. The 490 
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RLC-induced beneficial effect was eliminated in mice that received CCR2-deficient monocytes, 491 

demonstrating a critical role of CCR2+ monocytes for RLC-induced functional benefits. 492 

Consistent with our observation, a  recent study addressing RLC effect in hemorrhagic stroke 493 

also showed that RLC-enhanced hematoma resolution was abolished in the absence of myeloid 494 

cells (Vaibhav et al., 2018) further supporting the role of circulating immune cells for the RLC-495 

induced protective mechanism. One limitation of CCR2 KO adoptive transfer experiments is that 496 

we did not fully deplete CCR2+ monocytes from the host  mice. WT splenectomized mice 497 

received CCR2 KO splenocytes, but there are sources of monocytes other than the spleen, , 498 

including bone marrow and the blood. It is also possible that splenectomy and transfer of CCR2 499 

KO monocytes into asplenic mice could have off-target effects such as the alteration of the 500 

composition of immune cells (McBride et al., 1968). However, by applying sham-conditioning 501 

or RLC to identically prepared animals (splenectomy, CCR2 KO cell transfer, and MCAO) in the 502 

current study would provided the necessary role of CCR2 on RLC-induced benefits. . 503 

 Limitations of the present findings include an undetermined relevance of other peripheral 504 

immune cells and their subsets. The absence of functional improvement in ischemic conditioned 505 

T cell-deficient nude rats, RLC-induced elevation of T cells, and NKT cells in the blood (Xie et 506 

al., 2013; Liu et al., 2016) indicates that other immune cells are involved in conditioning-induced 507 

benefits. Another limitation of this study is that the RLC therapeutic window was tested only at 508 

2h post-stroke with animals that had normal metabolic status. Addressing wider therapeutic 509 

windows and incorporating comorbidities should be further explored to further assess the safety, 510 

feasibility, and translational efficacy of RLC. In addition, the upstream mediator(s) of the 511 

monocyte shift and the mechanism(s) by which acute RLC-induced monocyte shift exerts 512 

delayed functional improvement are unknown. An intriguing possibility is that the faster 513 
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resolution of inflammation in the primary injury site (cortex and striatum) may attenuate 514 

secondary degeneration in the remote area. Indeed, secondary transneuronal degeneration in 515 

remote areas, such as substantia nigra and thalamus in stroke patients is well documented 516 

(Ogawa et al., 1997; Ohe et al., 2013; Winter et al., 2015). The idea that RLC-induced functional 517 

improvement occurs via attenuation of secondary degeneration is intriguing and warrants future 518 

investigation. 519 

In summary, the current study showed that RLC shifted the peripheral monocyte balance 520 

toward a pro-inflammatory status, and this shift led to an acute infarct volume and brain swelling 521 

reduction, as well as an enhancement of functional recovery in chronic stroke. RLC improved 522 

functional recovery across injury severity without any potential adverse events in subjects with 523 

severe injury. The observed RLC-induced changes in monocyte constituents were associated 524 

with improved stroke outcome. The absence of benefits in mice with CCR2-deficient cell 525 

transfer indicates not only the importance of pro-inflammatory monocytes in functional recovery 526 

in stroke but also RLC-induced functional benefits in stroke by shifting monocytes to a CCR2+ 527 

pro-inflammatory subset. The functional benefits of RLC provide a platform for a neuroimmune-528 

based strategy to modify the course of injury and enhance stroke recovery in patients.  529 

530 
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Figures with Figure Legends 681 

Figure 1. RLC induces a shift of circulating monocytes towards a pro-inflammatory subset 682 

in non-stroked animals. A, Gating strategy for leukocytes (Lin+ and CD11b+ population) and 683 

monocytes (Lin-/CD11b+ cells). Monocyte subsets in the blood were further analyzed for Ly-6C 684 

expression. Single RLC (sRLC) or daily repeated RLC (rRLC) was applied and immune cells 685 

were analyzed at 3D or 7D in the blood. B-C, Number of leukocytes (B) and monocytes (C) in 686 

the blood per microliter. D, Monocyte subsets and ratios of Ly-6Chigh/Ly-6Clow in the blood. 687 

Extended Figure 1-1. Number of leukocytes (A) and monocytes (B) in the spleen per microliter. 688 

Monocyte subsets and ratios of Ly-6Chigh/Ly-6Clow in the spleen. One-way ANOVA. *p<0.05, 689 

**p<0.01, and ***p<0.001 vs. Sham. Sham, sham-conditioning; sRLC and rRLC, single and 690 

repeated remote ischemic limb conditioning. 691 

Figure 2. RLC-induced peripheral monocyte subset changes in stroked mice. A. 692 

Experimental timeline. B-C, Monocyte subset analysis in the spleen (B) and the blood (C) of 693 

sham-conditioning (Sham) and RLC mice. T-test. **p<0.01 and ns, not significant. MCAO, 694 

middle cerebral artery occlusion; RLC, remote ischemic limb conditioning; Sham, sham-695 

conditioning. 696 

Figure 3. RLC-induced changes in infiltrated monocytes/macrophage subsets in the brain 697 

following stroke. A, Gating strategies for resident microglia (CD45low) and infiltrated 698 

monocytes/macrophages (CD45high) at 3D post-stroke with sub-analysis of Ly-6C expressions. 699 

B-C, Percentage of Ly-6C subsets and ratios of Ly-6Chigh over Ly-6Clow subset in the CD45low 700 

(B) and CD45high (C) population in the ipsilateral hemisphere. T-test. *p<0.05, ***p<0.001 and 701 

ns, not significant. Contra, contralateral hemisphere; Ipsi, ipsilateral hemisphere; Sham, sham-702 

conditioning; RLC, remote ischemic limb conditioning. 703 
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Figure 4. RLC converts anti-inflammatory monocytes to a pro-inflammatory subset in vitro. 704 

A, A gating strategy to identify monocytes subsets in the CD11b+ splenocyte culture. B, 705 

Percentage of Ly-6C subsets and the ratios of Ly-6Chigh over Ly-6Clow subset. Sera from sham or 706 

RLC mice were collected and treated to the naïve splenocytes. T-test. **p<0.01 and ***p<0.001. 707 

Sham, sham-conditioning; RLC, remote ischemic limb conditioning. 708 

Figure 5. Effect of RLC on acute stroke outcomes. A, Representative section of every other 709 

brain section collected at 3D post-stroke in sham-conditioned (Sham) and RLC mice. B-C, 710 

Infarct volume (B) and Percent hemispheric swelling (C) measured from 13 serial sections in 711 

Sham and RLC mice. Data are shown as mean 95% confidence interval. T-test. *p<0.05. 712 

Extended Figure 5-1. Stroke-induced body weight changes. Body weights are presented as 713 

percentage of pre-ischemic baseline of each animal. *p<0.05, **p<0.01, and ***p<0.001 vs. pre 714 

(effect of stroke), and ns, not significant. Two-way ANOVA. n=19-20/group. Sham, sham-715 

conditioning; RLC, remote ischemic limb conditioning; IVind, indirect infarct volume. 716 

Figure 6. RLC improves motor and gait functions in chronic stroke. A, RotaRod 717 

performance. B, Regularity index to gauge coordination among limbs. C, Gait analyses in 718 

affected forelimb and hindlimb. All behavior results are presented as a percentage of the pre-719 

ischemic baseline of each animal (% pre). n=19-20/group. Two-way ANOVA. *p<0.05, 720 

**p<0.01, and ***p<0.001 vs. pre (effect of stroke), and #p<0.05, ##p<0.01, and ###p<0.001 721 

Sham vs. RLC (effect of RLC). Sham, sham-conditioning; RLC, remote ischemic limb 722 

conditioning. 723 

Figure 7. RLC-induced functional benefits occur independent of injury severity. RLC 724 

animals were divided into two groups, moderate and severe injury, based on the body weight 725 

reduction at 3D post-stroke (<15% loss for moderate injury and 15% loss for severe injury 726 
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group). …… indicates behaviors of sham-conditioned mice for reference. A-B, Rotarod (A) and 727 

Regularity index (B) of sham-conditioning, RLC with a moderate injury, and RLC with severe 728 

injury mice. C, Gait analyses (maximum contact area on the glass plate, mean intensity exerted 729 

in the glass plate, stride length, and swing speed) of forelimb and hindlimb of the impaired side 730 

of the body (left side). All results are presented as a percentage of the pre-ischemic baseline of 731 

each animal (% pre). Two-way ANOVA. *p<0.05, **p<0.01, and ***p<0.001 vs. pre (effect of 732 

stroke), and #p<0.05, ##p<0.01, and ###p<0.001 RLC-mod vs. RLC-sev (effect of injury severity). 733 

ns, not significant. Sham, sham-conditioning; RLC, remote ischemic limb conditioning; Mod, 734 

moderate injury; Sev, severe injury.  735 

Figure 8. Stroke severity determines the extent of RLC-induced monocyte shift. A, 736 

Distribution of infarct volume in sham-conditioned and RLC mice. Animals with RLC were 737 

divided into two groups: moderate injury (<25 mm3 IVind) and severe injury (>30 mm3 IVind). B, 738 

Ly-6C subset changes of naïve CD11b+ splenocytes incubated with post-stroke serum from mice 739 

with sham-conditioning, RLC with moderate injury (Mod), or RLC with severe injury (Sev). 740 

One-way ANOVA. ***p<0.001 and ns, not significant. IVind, indirect infarct volume; Sham, 741 

sham-conditioning; RLC, remote limb conditioning; Mod, moderate injury; Sev, severe injury. 742 

Figure 9. Adoptive transfer of CCR2-deficient splenocytes abolishes an RLC-induced pro-743 

inflammatory monocyte shift. A, Timeline of CCR2-deficient splenocyte adoptive transfer 744 

study. B, Monocyte subsets and ratios of Ly-6Chigh/Ly-6Clow in the blood of wild-type (WT) 745 

splenocytes transferred asplenic mice and CCR2 knock-out (KO) splenocytes transferred 746 

asplenic mice. One-way ANOVA. *p<0.05 and ns, not significant. C, Monocyte subset analysis 747 

in the blood of the CCR2 KO splenocytes transferred to asplenic stroked mice after sham-748 

conditioning (Sham) or RLC. D and E, Percentage of Ly-6C subsets and ratios of Ly-6Chigh over 749 
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Ly-6Clow subset in the CD45low (D) and CD45high (E) population in the ipsilateral hemisphere. T-750 

test. ns, not significant. Contra, contralateral hemisphere; Ipsi, ipsilateral hemisphere; Sham, 751 

sham-conditioning; RLC, remote ischemic limb conditioning. 752 

Figure 10. Adoptive transfer of CCR2-deficient splenocyte abolishes RLC-enhanced motor 753 

and gait recovery. A, RotaRod performance. B, Regularity index to gauge coordination among 754 

limbs. C, Gait analyses in affected forelimb and hindlimb. All behavior results are presented as a 755 

percentage of the pre-ischemic baseline of each animal (% pre). n=11-13/group. Two-way 756 

ANOVA. *p<0.05, **p<0.01, and ***p<0.001 vs. pre (effect of stroke), ns, not significant. Sham, 757 

sham-conditioning; RLC, remote ischemic limb conditioning. 758 



 

 1 

Figure 1-1. Effect of RLC on spleen monocyte subsets in non-stroked animals. A-B, Number 1 

of leukocytes (A) and monocytes (B) in the spleen per microliter. C, Monocyte subsets and ratios 2 

of Ly-6Chigh/Ly-6Clow in the spleen. One-way ANOVA. *p<0.05, **p<0.01 vs. Sham. Sham, 3 

sham conditioning; sRLC and rRLC, single and repeated remote ischemic limb conditioning. 4 

 5 

Figure 5-1. Stroke-induced body weight changes of Sham and RLC mice. RLC did not affect 6 

acute body weight loss and weight regaining during the recovery period. Two-way ANOVA 7 

*p<0.05, **p<0.01, and ***p<0.001 vs. pre (effect of stroke), ns, not significant. Sham vs. RLC 8 

(effect of RLC). Sham, sham conditioning; RLC, remote ischemic limb conditioning. 9 

 10 






















