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Abstract  25 

After subtotal infarcts of primary motor cortex (M1), motor rehabilitative training (RT) promotes 26 

improvements in paretic forelimb function that have been linked with its promotion of structural 27 

and functional reorganization of peri-infarct cortex, but how the reorganization unfolds is scantly 28 

understood. Cortical infarcts also instigate a prolonged period of dendritic spine turnover in peri-29 

infarct cortex. Here we investigated the possibility that synaptic structural responses to RT in 30 

peri-infarct cortex reflect, in part, interactions with ischemia instigated spine turnover. This was 31 

tested after artery-targeted photothrombotic M1 infarcts or sham procedures in adult (4-mo) 32 

C57/BL6 male and female GFP-M line (n=25) and male YFP-H line (n=5) mice undergoing RT 33 

in skilled reaching or no-training control procedures. Regardless of training condition, spine 34 

turnover was increased out to 5 weeks post-infarct relative to sham, as was the persistence of 35 

new spines formed within a week post-infarct. However, compared with no-training controls, 36 

new spines formed during post-infarct weeks 2-4 in mice undergoing RT persisted in much 37 

greater proportions to later time points, by a magnitude that predicted behavioral improvements 38 

in the RT group. These results indicate that RT interacts with ischemia-instigated spine turnover 39 

to promote preferential stabilization of newly formed spines, which is likely to yield a new 40 

population of mature synapses in peri-infarct cortex that could contribute to cortical functional 41 

reorganization and behavioral improvement. The findings newly implicate ischemia-instigated 42 

spine turnover as a mediator of cortical synaptic structural responses to RT and newly establish 43 

the experience-dependency of new spine fates in the post-ischemic turnover context. 44 

 45 

  46 
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Significance Statement  47 

Motor rehabilitation, the main treatment for motor impairments after stroke, is far from 48 

sufficient to normalize function. A better understanding of neural substrates of rehabilitation-49 

induced behavioral improvements could be useful for understanding how to optimize it. Here, we 50 

investigated the nature and time course of synaptic responses to motor rehabilitative training in 51 

vivo. Focal ischemia instigated a period of synapse turnover in peri-infarct motor cortex of mice. 52 

Rehabilitative training increased the stability of new synapses formed during the initial weeks 53 

after the infarct, the magnitude of which was correlated with improvements in skilled motor 54 

performance. Therefore, the maintenance of new synapses formed after ischemia could represent 55 

a structural mechanism of rehabilitative training efficacy.  56 

Introduction  57 

Stroke instigates a prolonged period of neuroanatomical reorganization in brain regions 58 

that are adjacent and connected to the core region of damage (Jones & Adkins, 2015). Plasticity 59 

related genes become upregulated, and regenerative reactions, such as axonal sprouting, dendritic 60 

remodeling and synapse turnover, proceed for weeks to months (Cramer and Chopp, 2000; 61 

Carmichael, 2006; Brown et al., 2007). That many regenerative response are neural activity-62 

dependent and sensitive to behavioral experiences (Yu & Zuo, 2011; Allred, Kim & Jones 2014; 63 

Jones, 2017) should in theory create windows of opportunity during which behavioral 64 

manipulations could shape neural reorganization patterns in a manner that optimizes functional 65 

outcome. However, it is not presently clear what post-ischemic responses might be optimally 66 

targeted with behavioral manipulations, nor how exactly to target them. One strategy for 67 

beginning to fill this knowledge gap is to examine how neural remodeling responses are affected 68 
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by behavioral manipulations that improve function in regions that mediate the functional 69 

improvements.   70 

Following subtotal ischemic infarcts of primary motor cortex (M1) in rodents and 71 

primates, rehabilitative training (RT) of the paretic forelimb promotes maintenance and 72 

expansion of forelimb motor maps (Castro-Alamancos & Borrel, 1995; Nudo et al., 1996; 73 

Connor, Chiba & Tuszynski, 2005; Ramanthan et al., 2006) and, in rodents, increases dendritic 74 

complexity and synapse density and maturation (Wang et al., 2016; Kim et al., 2018) in residual 75 

motor cortex. Gain- and loss-of-function manipulations support that RT-driven behavioral 76 

improvements depend on the region of reorganization (Castro-Alamancos & Borrel, 1995; 77 

Dancause et al., 2005; Nudo et al., 2007, Ramanathan et al., 2006; Kim et al., 2018). However, 78 

little is known about the time course over which RT drives synaptic structural changes in 79 

remaining motor cortex, such that the temporal relation of these synaptic changes with 80 

behavioral improvements and whether they reflect interactions with ischemia-instigated 81 

remodeling responses has been unknown.   82 

Monitoring synapses over time in vivo provides an opportunity to examine the influence 83 

of behavioral experiences on synaptic remodeling events as they unfold over time and their 84 

temporal relationships with behavioral change. Previous in vivo studies in mice have revealed 85 

that cortical ischemia increases dendritic spine turnover in peri-infarct cortex for weeks (Brown 86 

et al., 2007, 2009). New spines formed during the weeks following middle cerebral artery 87 

occlusion (MCAo) were more likely to remain over time compared to new spines formed in 88 

intact animals (Mostany et al., 2010). However, the possibility that post-ischemic patterns of 89 

spine turnover and new spine persistence are shaped by behavioral experiences had not been 90 

previously examined. 91 
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The primary goal of the present study was to determine whether RT impacts dendritic 92 

spine turnover responses to ischemia in peri-infarct motor cortex over time and, if so, whether 93 

this is related to RT-driven improvements in skilled use of the paretic forelimb. This was studied 94 

after focal M1 infarcts induced with artery-targeted photothrombosis, a variation of the 95 

photothrombotic infarct model which increases the size of the vascular penumbra (Sullender et 96 

al., 2018; Clark et al., 2019), allowing us to examine spine dynamics in this expanded penumbra 97 

(Fig. 1). New spines formed during the initial post-infarct weeks were followed throughout the 98 

duration of RT in order to examine the relationship between new spine maintenance and 99 

behavioral recovery. Prior findings of increased densities of spines and synapses in peri-infarct 100 

cortex in response to RT were based on examinations deeper in cortex than the spines imaged in 101 

vivo (Wang et al., 2016, Kim et al., 2018) and patterns of spine change in response to motor skill 102 

training can vary between superficial and deeper apical dendrites of layer V pyramidal neurons 103 

(Clark et al, 2018). Thus, a second goal was to determine whether RT effects at the level of the 104 

superficial dendrites imaged in vivo are coupled with spine changes on deeper dendrites, as 105 

probed in endpoint measures of apical dendritic spine density in layers II/III of the same 106 

neuronal population imaged in vivo. 107 

 108 

Materials and Methods 109 

Experimental Design 110 

A description of the experimental design can be found in Figure 1. 111 

 112 
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Subjects  113 

A total of 25 mice, including male (n=7) and female (n=13) C57/BL6 Green Fluorescent Protein 114 

(GFP)-M line (B6/Cg-Tg (thy-1 GFPM) 2Jrs/J; IMSR Cat# JAX:007788, 115 

RRID:IMSR_JAX:007788) and male (n=5) C57/BL6 Yellow Fluorescent Protein (YFP)-H line 116 

(B6/Cg-Tg (thy-1 YFPH) 2Jrs/J; IMSR Cat# JAX:003782, RRID:IMSR_JAX:003782) were 117 

used. Both mouse lines express fluorescent proteins in a subset of layer 5 cortical pyramidal 118 

neurons and both were included to probe generalization of results across them. All animals were 119 

bred at the Animal Resource Center at the University of Texas at Austin (ARC) and were 120 

between 4 and 5 months old at the time of cranial window implantation. Estimations of sample 121 

sizes were based on group sizes from a previous study examining spine turnover in intact 122 

animals during motor skills training (Clark et al., 2018), as well as calculations of the minimum 123 

sample size needed to obtain a significant result with a power level of 0.8, from preliminary pilot 124 

data. Approximately equal numbers of male and female mice were randomly placed into one of 4 125 

groups prior to any experimental procedures: (1) artery-targeted photothrombosis and 126 

rehabilitative training, (infarct RT, n=3 males, n=3 females), (2) artery-targeted photothrombosis 127 

without rehabilitative training (infarct No RT, n=4 males, n=5 females), (3) sham (no infarct) 128 

procedures and RT (n=3 males, n=2 females), or (4) sham procedures and no RT (n=2 males, 129 

n=3 females). Three animals (n=1 female infarct No RT, n=1 female sham RT and n=1 male 130 

sham no RT) were included in behavioral analyses but not in spine dynamics analyses due to 131 

extremely dense YFP expression. Three animals (1 male infarct no RT, 1 female sham no RT 132 

and 1 female infarct RT) were excluded from the last imaging time point due to issues with 133 

window clarity. One animal with an overly small lesion was excluded for a failure to meet an a 134 
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priori criterion for study inclusion that lesion volume be within 2 standard deviations of the 135 

group mean (female infarct No RT, not included in the group n above).  136 

Mice were housed in a conventional vivarium in groups of two to four on a 12:12 hour 137 

light/dark cycle. Lights were turned off between the hours of 6pm and 6am daily, and 138 

temperature was maintained at 20º C. Each cage was supplied with wooden toys, bedding and 139 

PVC pipes (cage enclosures; i.e. mice nest within them) that were replaced weekly. During 140 

behavioral procedures, mice were placed on scheduled feeding (2.5-3 g food once per day) to 141 

avoid satiation during behavioral training. Body weights were not permitted to fall below 90% of 142 

free feeding weights over the experimental time course (M ± SE weight, 28.3 ± 1.2 g males and 143 

21.3 ± 0.3 g females).  144 

Animal use was in accordance with an IACUC protocol (AUP-2015-00182) approved by 145 

the Animal Care and Use Committee of the University of Texas at Austin. 146 

  147 

Cranial Window Creation  148 

Cranial window implantation was performed as previously described (Clark et al., 2018).  149 

Briefly, mice were anesthetized with ketamine (4 mg/kg, i.p.) and xylazine (3 mg/kg, i.p.). 150 

Dexamethasone (2 mg/kg s.c.) and carprofen (2.5 mg/kg s.c.) were administered pre-operatively 151 

to help minimize cortical swelling and inflammation during the procedures. Anesthetic plane was 152 

monitored via respiratory rate and toe pinch response throughout surgery. Booster injections of 153 

ketamine (4 mg/kg) were given as needed to maintain anesthesia. Following midline incision of 154 

the scalp, a 4 mm circular region of skull over frontoparietal cortex was thinned using a high-155 

speed dental drill with a 0.5 mm diameter drill bit and removed, leaving dura intact. Saline was 156 

frequently applied to protect the brain from overheating. Skull was then replaced with a 4 mm 157 
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diameter No. 1 coverglass (Warner, cat #64-075) and sealed with cyanoacrylate (vetbond 3M) 158 

and dental cement. All windows were made over the forelimb area of M1 contralateral to the 159 

preferred-for-reaching forelimb (Fig. 1B). Following surgery, animals were given buprenorphine 160 

(100mg/kg, s.c.) for pain management and allowed to recover in their cage for 1 week during 161 

which time they were given daily injections of carprofen (2.5 mg/kg, i.p.) to help minimize 162 

inflammation that contributes to window clouding.  163 

 164 

Skilled Forelimb Training and Assessment  165 

The standard laboratory cage environment of mice provides limited opportunity for skilled 166 

forepaw use, conferring experimenter control over that experience and requiring that the skilled 167 

reaching task be established with training prior to infarcts so that the influence of infarcts and RT 168 

on the recovery of its performance can be determined. Prior to photothrombosis or sham 169 

procedures, all mice were trained to criterion on the single seed retrieval task (Chen et al., 2014; 170 

Farr & Wishaw 2002). Mice learned to reach for a millet seed placed on a platform outside of a 171 

custom-made clear Plexiglas training chamber (20 cm tall, 15 cm deep, and 8.5 cm wide, 172 

measured from outside; 0.5 cm thick Plexiglas). There were 4 mm wide vertical openings on the 173 

left and right sides of the chamber for mice to reach through with either the left or right paw. The 174 

platform (8.5 cm long, 4 cm wide, and 1.2 cm tall) contained one well that was at a diagonal 175 

distance of 7.3 mm away from the window edge closest to the chamber center (i.e., relative to the 176 

front chamber wall face, a 7 mm perpendicular distance from the window and 2 mm parallel 177 

distance from window edge, Fig 2A). During initial shaping, mice were allowed to reach for 178 

millet seeds outside of both openings with either limb. The preferred-for-reaching forelimb was 179 

defined as the first limb used to make five consecutive reach attempts. For the remainder of 180 
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shaping (~ 2-3 days), mice were encouraged to reach for a single seed placed in the well outside 181 

of the chamber opening corresponding to their preferred forelimb. Training started once mice 182 

were able to successfully retrieve the pellet 10 times from the well and lasted 12-13 days. 183 

Training consisted of 30 trials or 15 minutes in the chamber, whichever came first. Per trial, mice 184 

were allowed two reach attempts. A reach attempt was counted as a success when the mouse 185 

grasped the seed and brought it inside of the chamber to its mouth. Unsuccessful reach attempts 186 

included those in which the seed was missed, displaced or dropped before eating. Training 187 

started once mice successfully retrieved 10 seeds. Reaching data was analyzed as successful 188 

retrievals per attempt, and for correlations, as the percent of baseline successful retrievals per 189 

attempt. Deficits in reaching performance were probed initially 3 days following 190 

photothrombotic infarcts and then once weekly for 5 weeks.  Reaching performance was similar 191 

across sexes within conditions (Table 1).  RT of the pre-operatively preferred/paretic forelimb 192 

consisted of the same procedures used for pre-operative training, and occurred five days a week 193 

for four weeks beginning five days after ischemia. At the same time points for no-training 194 

control procedures, mice in No RT conditions spent an equal amount of time in the testing 195 

chamber as animals receiving RT and were given seeds to eat from the chamber floor, but did not 196 

reach for them.  197 

 198 

Artery-Targeted Photothrombosis 199 

For artery-targeted photothrombotic infarcts, mice were anesthetized with isoflurane (4% 200 

induction, 1.5-2% maintenance) in O2 and affixed to a stereotaxic frame. Arterial oxygen 201 

saturation and heart rate from pulse oximetry (MouseOx; Starr Life Sciences Corp. Oakmont, 202 

PA, USA) were recorded and temperature was maintained at 37° C with a feedback temperature 203 
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control system (FHC Bowdoin, ME, USA). A green diode laser (532 nm, Millenia V, Spectra 204 

Physics, Santa Clara, CA, USA) was coupled to a digital micro-mirror device (DMD, LDD400-205 

1P, Wavelength Electronics, Bozeman, MT, USA) to provide patterned illumination (20 mW) 206 

focused over arterial vessels  on the pial surface supplying the forelimb region of M1, with 207 

minimal exposure to surrounding parenchyma (Clark et al., 2019). Prior to baseline imaging, 208 

distal branches of the middle cerebral artery over the caudal forelimb area (CFA) of M1 209 

(Tennant & Jones, 2011) were identified for photothrombosis from images taken at the time of 210 

cranial window implantation. At the time of photothrombosis, between 1 and 2 distal branches of 211 

the anterior cerebral artery (ACA) were also illuminated to control the level of collateral flow at 212 

the time of occlusion. Thirty seconds following a retroorbital injection of Rose Bengal (50 μL, 213 

15 mg/mL i.v., Sigma, cat# 330000), target vessels were irradiated with the patterned laser for 5 214 

minutes. For sham procedures, animals were exposed to laser illumination after injections of 215 

sterile saline. In all animals, CBF was monitored in real time for up to 10 min following 216 

illumination using traditional laser speckle contrast imaging. As explained below, these data 217 

were used to define two photon sample locations relative to the infarct core, as defined by the 218 

region of <20% CBF of baseline at 10 minutes post-infarct. The penumbra area as defined by the 219 

region with CBF between 20-70 % of baseline at 10 minutes post-infarct was similar between 220 

groups (M± SE, No RT = 6.94 ± 0.49 mm2, RT = 6.89 ± 0.55 mm2 ). Photothrombotic or sham 221 

procedures were performed one day following the second baseline imaging session and final pre-222 

operative training day.  223 
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 224 

In Vivo Imaging of Dendrites 225 

All imaging was performed under isoflurane anesthesia, which has been shown to increase the 226 

mobility of filopodia, but not spines, in cortex in vivo (Yang et al., 2009). Animals were 227 

anesthetized with 1.5% isoflurane in O2 and inserted into a custom made stereotaxic apparatus 228 

fitted with a headbar to help minimize breathing artifact. During the first baseline imaging 229 

session, five to six image stacks containing at least eight to ten dendrites with visible spines in 230 

each stack, were selected across distances spanning 300 μm to 1 mm (as measured at the center 231 

of each stack) from the middle cerebral arterioles to be targeted for photothrombosis (Fig. 1B). 232 

This approach extended some of the baseline sample territory into that of the likely infarct core 233 

as a strategy to ensure that the remaining samples extended across penumbra. The distance range 234 

was selected based on prior findings from the same infarct model in which the infarct core region 235 

of severely reduced blood flow (<20%) was found to be surrounded by a penumbra of less severe 236 

blood flow reductions that extended ~ 1 mm from the core (Clark et al., 2019). The infarct core 237 

was then estimated using traditional laser speckle contrast imaging as the region with < 20 % 238 

baseline CBF 10 minutes after the artery targeted photothrombosis procedure. All samples within 239 

300 μm, and some within 650 μm from the estimated core were found to be unsuitable for post-240 

infarct spine dynamics analysis due to either the absence of at least eight intact dendrites with 241 

distinguishable spines or to gross changes in dendritic fluorescence, presumably stemming from 242 

dendritic damage. Thus, the analyses of spine turnover were concentrated between 650 – 1000 243 

μm from the infarct core, as explained in more detail below. 244 

Images were acquired using a Prairie Ultima standard two-photon microscope with a 245 

Ti:Sapphire laser tuned to either 860 nm (GFP) or 920 nm (YFP) at low laser power (~30 mW) 246 
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to minimize phototoxicity. Laser power was adjusted through a Pockels cell in order to obtain 247 

near identical fluorescence at each imaging location and across imaging days. Image stacks were 248 

gathered between 50 and 200 μm depths from the pial surface using a water immersion objective 249 

(20x, 1.0 NA, Olympus) and a digital zoom of 4X (Fig. 1D-E). Image stacks consisted of 150-250 

200 optical sections spaced 1μm apart covering an area of 240 μm x 240 μm (512 x 512 pixels, 251 

0.13 μm/pixel). Animals were imaged twice prior to photothrombosis, with the first imaging 252 

session occurring after the seventh day of pre-operative behavioral training, and the second 253 

imaging session following the final training session. Animals were then imaged once a week for 254 

up to five weeks following ischemic insult (Fig. 1).  255 

 256 

Spine Dynamics Analyses 257 

All analyses of dendritic spine turnover were performed blind to experimental condition. A total 258 

of 8-10 intact dendritic segments per image stack, each at least 20 μm in length, were analyzed 259 

(~100-200 spines per animal) using ImageJ software (Fig. 3). Spines were considered to be the 260 

same between imaging sessions based on their relative position to adjacent dendrites and spines. 261 

Because of lower two-photon resolution in the axial plane, only dendritic spines projecting 262 

laterally were included in the analysis. For a spine to be considered new or lost, it had to clearly 263 

protrude out of the shaft by at least four pixels (0.55 μm), and it could not be part of a dendritic 264 

segment that appeared to have significantly rotated or shifted, as judged by any gross changes in 265 

the appearance of neighboring spines or branches. Spine turnover was measured by comparing 266 

dendritic protrusions in the image being analyzed to those in the previous imaging session. A 267 

spine was counted as stable if it appeared in both the previous imaging session and the one being 268 

analyzed, as newly formed if it was only present in the image being analyzed, and as eliminated 269 
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if it was visible in the previous imaging session but not in the one being analyzed. The 270 

percentage of spine formation and elimination were calculated as the number of spines gained or 271 

lost divided by the total number of stable spines in the analyzed imaging session (Xu et al., 272 

2009). Analyses were performed on raw unprocessed image stacks, but for presentation 273 

purposes, images are shown as maximum intensity projections consisting of 5-10 optical sections 274 

with median and Gaussian filters applied. Spine turnover was similar across GFP and YFP lines 275 

at all times points. For example, in infarct groups, the % spine formation and elimination at 276 

baseline was 2.6  ± 0.3 and 2.6 ± 0.4, respectively, in GFP (n=6) and 2.7 ± 0.2 and 2.6 ± 0.1 in 277 

YFP (n=8). At week 1 post-infarct, the % spine formation and elimination was 6.0  ± 0.8 and 278 

13.1 ± 1.1 in GFP and 7.9 ± 0.6 and 11.1 ± 1.5 in YFP. 279 

 If more than half of an identified dendritic segment contained dendritic blebbing or 280 

beading from photothrombosis, it was excluded from the analyses. Changes in fluorescence 281 

intensity and dendritic beading between 350 to 650 μm from the infarct core limited the analysis 282 

of spine turnover in this region to a subset of the animals (n=4 No RT, n=2 RT).  Spine turnover 283 

between 651 μm to 1 mm from the infarct core was analyzed in all animals with the exception of 284 

2 of the 4 No RT subgroup in which closer samples were analyzed, due to restrictions in sample 285 

area based on the location of the infarct with respect to window edges. In the four animals in 286 

which spines were sampled across distances, there was a tendency for spine elimination to be 287 

greater in the first 3 weeks post-infarct on closer (350-650 μm) vs. further dendrites (M ± SE: 288 

10.0  ± 1.3 vs. 7.7 ± 1.3%), and for spine formation to be greater on closer vs. further samples in 289 

the last 3 weeks (weeks 3-5: 5.4 ± 1.4 vs. 3.8 ± .5%); however, spine turnover was not 290 

significantly different across distances at any of the imaging time points (p’s = .06 - .84). The 291 
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ratio of closer to further spines sampled was matched across No RT (M ± SE: .50 ± .18) and RT 292 

(.52 ± .35) groups at 1week post-infarct.  293 

The maintenance of new spines formed during the first through third post-infarct weeks 294 

was tracked until the final imaging session (week 5). A criterion for inclusion of individual 295 

imaging sessions in analyses of spine maintenance was that at least 3 new spines were counted in 296 

the previous imaging session, to counter variability contributed by small samples of new spines 297 

without excessive exclusion of low spine turnover conditions. This resulted in some attrition per 298 

time point in the sham group due to low spine turnover in this group (n=1 at weeks 1 and 2, n=2 299 

at week 3) and in infarct groups due to post-ischemic damage to sample regions at week 1 (n=2 300 

No RT and n=1 RT) or loss of  previously analyzed dendrites at week 2 (n=1 No RT) and week 3 301 

(n=1 infarct No RT). To probe for changes in the overall density of spines on the superficial 302 

dendrites imaged in vivo, spine density (spines/μm) was measured in two-photon image stacks at 303 

baseline and at week 5 on dendrites between 10-30μm in length that were present at both time 304 

points.  The dendrites sampled were between 650 to 1 mm from the infarct core. 305 

 306 

Tissue Processing and Histological Analyses 307 

Eight weeks after infarcts or sham procedures, all animals were overdosed with sodium 308 

pentobarbital and transcardially perfused with 0.1 M phosphate buffer (PB) saline and 4% 309 

paraformaldehyde. Following fixative perfusion, brains were extracted and stored in 4% 310 

paraformaldehyde for less than 48 h before being sliced into 40 μm thick coronal sections using 311 

a Leica VT1000S vibratome. All histological measures were made on tissue that was coded to 312 

blind for experimental condition. 313 

Every sixth section was mounted onto gelatin-coated slides and Nissl stained with 314 
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toluidine blue. Contralesional and remaining ipsilesional cortical areas were measured in eight 315 

coronal sections per animal between approximately 1.34 mm anterior to 0.58 mm posterior to 316 

bregma spaced 240 μm apart. Area measures were made with NeurolucidaTM software at a final 317 

magnification of 17x. Cortical volume was estimated as the product of summed section areas and 318 

the distance between sections. Lesion volume was then calculated as the difference between 319 

volumes of the contralesional and ipsilesional cortices (Tennant et al., 2015).   320 

One set of coronal sections was mounted on glass slides for visualization of spine density 321 

on YFP+ and GFP+ pyramidal neurons using confocal microscopy. Image stacks were acquired 322 

using the confocal mode on the two-photon microscope. The dichroic mirror was replaced with a 323 

lens tuned to 488 nm (FITC) and image stacks containing apical dendritic branches within layer 324 

II/III (between 200-400 μm from the surface) of motor cortex were gathered using a water 325 

immersion objective (20x, 1.0 NA, Olympus). Spine density analyses were performed using 326 

Image J software. A total of 8-10 apical dendrites measuring at least 50 μm in length were 327 

sampled between 300 μm and 1 mm from the edge of the core in the ipsilesional hemisphere. In 328 

sham animals, samples homotopic to the lesion site within the trained (ipsilesional) M1 were 329 

gathered. Data from 4 animals (n=1 Infarct  RT; n=2 Infarct No RT; 1 Sham No RT) had to be 330 

omitted due to an inability to localize a sufficient sample of dendrites of this length. For all 331 

dendritic analyses, spines along the length of measured dendrite were manually counted, and 332 

density was calculated as total spines per length of dendrite (spines/μm).   333 

 334 

Statistical Analyses 335 

All statistical analyses were performed using the SPSS software package (RRID:SCR_002865).  336 

We expected preliminary analyses to justify the combination of sham subgroups (RT vs No RT) 337 
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for statistical comparisons with infarct groups because the sham RT condition consisted of 338 

practice on a previously established task, which does not influence spine turnover on the 339 

dendrites examined (in contrast to training on a novel task, Xu et al., 2011; Clark et al., 2018). As 340 

expected, there were no significant differences between sham subgroups in spine turnover (Main 341 

effect: F(1,6) = 2.50, p = 0.29); Interaction: F(3,18) = 1.20, p = 0.33), or spine elimination (Main 342 

effect: F(1,6) = 3.42, p = 0.33); Interaction: F(3,18) = 0.51, p = 0.67),  and they were combined for 343 

remaining analyses. Males and females were also combined for the statistical analyses but 344 

descriptive results for the primary variables in subgroups separated by sex can be found in Table 345 

1. 346 

The effect of post-infarct RT on spine dynamics was examined using a repeated measures 347 

analysis of variance (ANOVA) with infarct group (RT vs. No RT) as a between-subjects variable 348 

and time as a within-subjects variable. Each infarct group was additionally compared to sham in 349 

separate ANOVAs. The Shapiro-Wilks test was used to check for normality. When warranted by 350 

significant Group by Time interactions, post hoc group comparisons per time point were 351 

performed using Holm-Bonferroni corrected two-tailed t-tests. Separate repeated measures 352 

ANOVAs comparing the groups outlined above were used to examine infarct and RT effects on 353 

the maintenance of spines formed during weeks 1, 2 and 3 post-infarct. The last imaging time 354 

point (week 5) was omitted from the spine dynamics ANOVA because of animal attrition at this 355 

time point, but between-group comparisons at this time point were analyzed with t-tests, and this 356 

time point was counted as a comparison in the Bonferroni-Holm's correction when post-hoc tests 357 

per time point were warranted by ANOVA results.  358 

  Repeated measures ANOVAs were used to probe for differences in post-infarct reaching 359 

performance over time using the same group comparisons as above, and when warranted by 360 
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ANOVAs, post-hoc Bonferroni-corrected t-tests were used to probe differences at individual 361 

time points between groups. Differences in spine density at 8 weeks post-op were assessed using 362 

independent samples two-tailed t-tests.  363 

 In secondary analyses motivated by the primary ANOVA results, Pearson correlations 364 

were used to probe for relationships between post-infarct reaching performance and new spine 365 

survival in each training condition. Reaching performance improvements relative to baseline at 366 

weeks 2, 3 and 4 were related to the persistence of new spines that appeared in preceding weeks. 367 

Week 5 was not included due to animal attrition at that time point. Week 2 was chosen as the 368 

first time point corresponding to major improvements in the RT group. The correlation between 369 

% baseline reaching performance at week 4 and layer II/II spine density was also assessed.    370 

 371 

Results 372 

RT improved deficits in skilled reaching  373 

Focal ischemic infarcts to mouse motor cortex impair skilled reaching behavior in the 374 

contralateral forelimb (Balkaya et al., 2013; Clarkson et al., 2013; Tennant et al., 2015;  Becker 375 

et al., 2016).  In the present study we found that artery-targeted photothrombotic infarcts of M1 376 

in mice significantly impaired performance of a previously acquired skilled reaching task (Fig. 377 

2). In mice that received rehabilitative training (RT) of the impaired limb on the same reaching 378 

task performance recovered to near baseline levels within 2 weeks while post-infarct 379 

performance in the No RT group remained lower than baseline through the 5 weeks of testing 380 

(Fig. 2B). ANOVA for post-infarct performance between RT and No RT groups revealed a 381 

significant main effect of Group (F(1,11) = 6.71, p = 0.03) but not a Group by Time interaction 382 
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(F(4,44) = 2.26, p = 0.07), reflecting superior performance in the RT group throughout the RT 383 

period.  384 

Infarct groups also varied in post-infarct performance patterns relative to sham. In 385 

repeated measures ANOVA, post infarct performance in the No RT group was significantly 386 

impaired overall compared with sham (main effect of Group: F (1,14) = 7.56, p = 0.006), an effect 387 

that did not vary significantly with time (Group by Time interaction: F(4,56) = 0.47, p = 0.87).  In 388 

contrast, between RT and sham groups, there was a significant Group by Time interaction (F(4,56) 389 

= 3.30, p = 0.02), but not a main effect of Group (F(1,14) = 4.26, p = 0.06), reflecting the 390 

transience of the impaired reaching performance in the RT group.  Post-hoc Bonferroni t-tests 391 

confirmed that, compared to sham, the RT group performed significantly worse on post-infarct 392 

day 3 (t(13) = 2.16, p = 0.004) but not at any other time point (Fig. 2B). Lesion volumes and 393 

extent (Fig. 2C-E) were similar between infarct groups and did not substantially vary across 394 

males (M ± SE: 1.03 ± .36 and 1.01 ± .17 mm3 in RT and No RT, respectively) and females (.86 395 

± 0.07 and .80 ± .16). These results support that RT improved post-infarct recovery of reaching 396 

performance.  397 

 398 

Artery-targeted photothrombosis similarly increased spine turnover in peri-infarct cortex with 399 

and without RT  400 

Sustained increases in spine turnover have been observed in peri-infarct cortex in the absence of 401 

any post-infarct behavioral intervention (Brown et al., 2007; 2009). Endpoint histological 402 

analyses have revealed that rehabilitative training after focal ischemic lesions to motor cortex 403 

increases spine and synapse density, synapse maturation and dendritic complexity in the 404 

remaining motor cortex (Jones et al., 1999; Biernaske & Corbett, 2001; Wang et al., 2016; Kim 405 
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et al., 2018) but its impact on spine dynamics was unknown. That increased spine turnover is 406 

likely to be ongoing during RT in a region where it promotes synaptic structural changes raised 407 

the possibility that synaptic structural responses to RT reflect, in part, interactions with spine 408 

turnover responses. 409 

In the present study we found robust elevations in spine turnover in peri-infarct motor 410 

cortex that were generally similar in the RT and No RT groups relative to sham. Spine formation 411 

(Fig. 3B) and elimination (Fig 3C) were elevated in both infarct groups during the 5 weeks 412 

following ischemia relative to sham animals. Repeated measures ANOVAs over this time period 413 

revealed significant main effects of each infarct group relative to sham in the percent of spines 414 

formed (No RT: F(1,14) = 141.70, p < 0.0001; RT: F(1,12) = 41.10, p < 0.0001) and the percent of 415 

spines eliminated (No RT: F (1,14) = 121.30, p < 0.0001; RT: F(1,12) = 37.24, p < 0.0001) as well as 416 

significant Group by Time interactions for each measure (spine formation: No RT: F(3,42) = 15.96, 417 

p < 0.0001;  RT: F(3,36)  = 17.27, p < 0.0001; spine elimination: No RT: F(3,42) = 17.35, p < 418 

0.0001; RT: F(3,36) = 24.45, p < 0.0001) reflecting partial resolution of post-ischemic elevations in 419 

spine turnover over time. The RT group tended to show greater return to baseline levels of spine 420 

turnover near the end of the observation period than did the No RT group. However, Bonferroni 421 

corrected t-tests indicated that spine formation (Fig 3B) was significantly greater than sham in 422 

both infarct groups at each post-infarct time point, as was spine elimination with the exception of 423 

week 4 in the RT group (Fig. 3C).  Given that repeated anesthesia did not alter spine dynamics in 424 

either sham group, it is unlikely that the effects of photothrombosis and rehabilitative training on 425 

spine dynamics were greatly influenced by the use of isoflurane anesthesia.  426 

In comparing spine turnover between infarct groups, ANOVA revealed that the pattern of 427 

spine formation (Group by Time : F(3,36) = 0.42, p = 0.73; Main Effect:  F(1,12) = .25, p = 0.62) and 428 
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spine elimination (Group by Time : F(3,36) = 0.50, p = 0.67; Main Effect F(1,12) = 0.70, p = 0.41) 429 

were similar over the first four weeks post infarct between RT and No RT groups.  Only at the 430 

week 5 time point was spine turnover was significantly different, higher in the No RT compared 431 

to RT group in independent samples t-tests (Fig. 3, formation: t[9] = 2.26, p = 0.024; elimination: 432 

t[9] = 2.26, p >0.02). The patterns of spine turnover on dendrites that were more proximal (350-433 

650 μM) and distal (650-1000 μm) to the infarct core were also generally similar between groups 434 

(Fig. 4). Together these results indicate that RT had little impact on post-ischemic patterns of 435 

spine turnover in peri-infarct motor cortex, other than to subtly speed its resolution. 436 

       437 

RT promoted New Spine Stabilization  438 

We next examined the persistence of new spines that were formed during the initial weeks post-439 

infarct. We found that RT was associated with greater maintenance of spines formed during the 440 

first 3 weeks after the infarct relative to both No RT and sham animals (Fig. 5). As shown in Fig. 441 

5A, the maintenance of spines formed in post-infarct week 1 through the subsequent three weeks 442 

was not significantly different between RT and No RT groups (ANOVA main effect of Group: 443 

F(2,20) = 2.37, p = 0.12; Group by Time interaction: F(1,10) = 1.93, p = 0.19).  However, by week 5 444 

there was a significantly greater percentage of the spines remaining in RT compared to No RT 445 

(independent samples t-test: t(2,7) = 2.36, p = 0.02).  The No RT group was not significantly 446 

different from sham in the maintenance of new spines formed during week 1 (ANOVA for 447 

weeks 2-4, Group: F(1,11) =2.76, p = 0.12 ; Group by Time: F (2,22) = 1.14, p = 0.33; week 5: t(2,9) = 448 

2.26, p =0.12). In contrast, between the RT and sham groups there was both a significant Group 449 

by Time interaction (F(2,18)  = 3.81, p = 0.04), and significant main effect of Group (F(1,9) = 7.89, p 450 

= 0.02). Bonferroni corrected t-tests revealed that spine maintenance was greater in the RT group 451 
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compared to sham at weeks 4 (t(2,6) = 2.44, p = 0.003) and 5 (t(2,10) = 2.22, p = 0.001), indicating 452 

that RT promoted greater long-term persistence of spines that were formed during the first week 453 

post-infarct (Fig. 5A).   454 

RT also increased the persistence of new spines formed during post-infarct weeks 2 and 3 455 

(Fig. 5B and 5C).  In No RT and sham groups, the majority of new spines formed in weeks 2 and 456 

3 had disappeared by week 4, whereas the majority remained in the RT group through week 5.  457 

The maintenance of spines formed in week 2 (Fig 5B) was significantly increased in the RT 458 

group relative to No RT (Group, F(1,12) = 8.0, p = 0.01), an effect that did not vary significantly 459 

across weeks 3 and 4 (Group by Time interaction, F(1,12) = 0.74, p < 0.4) and which continued to 460 

be significant at week 5 (t(2,11) = 2.20, p = 0.004). The maintenance of spines formed during week 461 

2 was also increased in the RT group relative to sham (ANOVA for weeks 3-4, Group: F(1,11) = 462 

6.8, p = 0.02, Group x Time: F(1,11) = 2.31, p = 0.15; t-test for week 5: t(2,8) =2.30, p = 0.002). In 463 

contrast, the No RT group lost spines that were formed in week 2 at a rate similar to, and not 464 

significantly different from, the sham group (ANOVA for weeks 3-4, Group: F(1,13) = 0.001, p = 465 

0.97, Group by :F(1,13) = 0.22, p = 0.64; t-test for week 5: t(2,8) =2.30, p = 0.002). For spines 466 

formed during week 3, independent-samples t-tests revealed that spine maintenance at week 5 467 

was significantly greater in the RT group compared to both No RT (t(2,10) = 2.20, p= 0.01) and 468 

sham (t(2,7) = 2.36, p = 0.02), but not between the No RT group and sham (t(2,10) = 2.23, p = 0.26; 469 

Fig. 3C). Together, these results indicate that RT promoted the maintenance of spines that were 470 

formed in peri-infarct cortex during the first 3 weeks post-infarct.   471 

Given that RT was associated with a greater maintenance of new spines formed after the 472 

infarct, we additionally assessed whether this was reflected in an increase in the net quantities of 473 

spines at the 5-week time point by examining spine density (spines/μm) on the subset of apical 474 
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dendrites imaged in vivo that were present at both baseline and week 5 (Table 2). In both groups, 475 

spine density at week 5 was subtly, but significantly, decreased from spine density at baseline 476 

No-RT paired t (1,6) = 2.36, p = 0.001, RT t(1,4) = 2.77, p = 0.01). However, the within-animal 477 

reduction in spine density between week 5 and baseline was significantly lower in the RT group 478 

compared to No RT group (t(2,11) = 2.20; Table 2). Thus, RT was associated with a greater 479 

normalization in spine density at the 5-week time point.  480 

 481 

The maintenance of new spines in peri-infarct cortex predicted reaching performance 482 

We next examined whether the preferential stabilization of spines formed after the infarct was 483 

related to post-infarct reaching performance, as measured by the % of baseline performance (Fig. 484 

6). We first examined the relationship between new spine maintenance at week 2 with behavioral 485 

performance at week 2 because the RT group returned to near baseline levels of reaching 486 

performance at this time point. We found that the percent of spines formed during week 1 post-487 

infarct remaining at week 2 was significantly correlated with behavior at the same time point in 488 

the RT group (r = 0.91, t(4) = 4.61, p = 0.009) but not in the No RT group (r = -0.40, t(5) = 0.99, p 489 

= 0.37, Fig. 6A). The percentage of spines formed during each of the first two weeks post-infarct 490 

that remained at week 3,was also correlated with behavioral performance at week 3 in the RT 491 

group (week 1 new spines: r = 0.75, t(4) = 2.3, p = 0.08; week 2 new spines: r = 0.89, t(5) = 4.82, p 492 

= 0.006) but not in the No RT group ( week 1 new spines: r = 0.02, t(4) = 0.04 p = 0.96; week 2 493 

new spines: r = - 0.04, t(4) = 0.09 p = 0.93).  Finally, we found that the percent of spines formed 494 

during each of the first 2 weeks after the infarct that persisted to week 4 was significantly 495 

correlated with reaching performance at week 4 in the RT group (Fig. 6B-C; new spines formed 496 

in week 1: r = 0.90, t(4) = 4.24, p = 0.01; new spine formed in week 2: r = 0.98, t(4) = 7.21, p = 497 
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0.001), but not in the No RT group (new spines formed in week 1: r = 0.52, t(3) = 1.05, p = 0.36; 498 

new spine formed in week 2: r = 0.66, t(4) = 1.79, p = 0.17). The correlation between the 499 

percentage of spines formed during week 3 that remained until week 4 of with behavior at week 500 

4 (Fig. 6D) failed to reach significance in both the RT (r = 0.66, t(4) = 1.76, p = 0.15) and No RT 501 

(r = 0.80, t(4) = 2.32, p = 0.09) group. Thus, in animals receiving RT, there were strong 502 

relationships between both early and subsequently maintained improvements in skilled reaching 503 

performance and the persistence of spines formed in early post-infarct weeks. The modest 504 

performance improvements of the No RT group over the same time period were not strongly 505 

related to new spine persistence. These data indicate that RT-driven improvements in skilled 506 

reaching performance were predicted by the maintenance of new spines. 507 

 508 

RT increased spine density on apical dendrites in layer II/III of peri-infarct cortex.  509 

We previously found that patterns of motor skill learning-related spine structural 510 

plasticity vary across superficial versus deeper apical dendrites of layer V pyramidal neurons 511 

(Clark et al., 2018). Training intact mice on a skilled reaching task was associated with spine 512 

turnover and selective new spine maintenance, without net increases in spine density, on 513 

superficial apical tufts in layer I, whereas spine density increased on apical dendrites in layer 514 

II/III, on the same population of layer V pyramidal neurons in the trained M1 (Clark et al., 515 

2018). This motivated our examination in the present study of the impact of RT on spine density 516 

in peri-infarct MC along layer II/III apical dendrites (Fig. 7) of the same layer V pyramidal 517 

neuron population of which the superficial apical tufts of layer I were imaged in vivo. At 8 weeks 518 

post-infarct, layer II/II apical dendritic spine density in the RT group was increased compared to 519 

the No RT group (t(10) = 2.23, p = 0.002) and sham (t(11) = 2.20, p < 0.0001; Fig. 7B). In contrast, 520 



 

 23 

spine density was not significantly increased in the No RT group relative to sham (t(13) = 2.16, p 521 

= 0.075). Spine density on layer II/III dendrites was positively, but not significantly, correlated 522 

with behavioral performance (% of baseline) at week 4 in the RT group (RT: r = 0.70, t(4) =1.99, 523 

p = 0.11; No RT: r – 0.35, t(4) = 0.75, p = 0.49). Spine density per mm3 was similar across males 524 

and females of the RT (.82 ± .01 and .76 ± .01, respectively) and No RT (.72 ± .02 and .71 ± .01) 525 

groups. These results suggest that RT promotes synapse addition on layer II/III apical dendrites 526 

of layer V pyramidal neurons in peri-infarct cortex, in addition to is promotion of the 527 

maintenance of newly formed synapses on more superficial apical dendrites of the same neuronal 528 

population.   529 

 530 

Discussion 531 

The efficacy of post-stroke motor rehabilitative training (RT) has been linked with structural and 532 

functional reorganization of the damaged hemisphere (Murphy & Corbett, 2009; Jones & 533 

Adkins, 2015). RT-induced improvements in paretic forelimb function after subtotal infarcts of 534 

primary motor cortex (M1) are linked with reorganization of residual motor cortical maps in 535 

rodents and monkeys (e.g., Nudo et al., 1996; Tennant et al., 2015) and increased density and 536 

maturation of synapses in peri-infarct cortex of rats (Kim et al., 2018). However, these changes 537 

were observed after RT had promoted considerable behavioral improvements, and the processes 538 

by which they occur has not been well explored. Cortical ischemia instigates a period of dramatic 539 

synapse turnover in peri-infarct cortex, as revealed by repeated in vivo imaging of dendritic 540 

spines (Brown et al., 2007; 2010; Mostany et al., 2010). Here we investigated the possibility that 541 

RT affects synaptic connectivity in peri-infarct cortex via interaction with ischemia-instigated 542 

synapse remodeling responses. We followed spine turnover and motor performance in mice 543 
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undergoing RT or no training control procedures (No RT) after artery-targeted photothrombotic 544 

infarcts of M1. RT improved reaching performance with the paretic forelimb, which recovered to 545 

near baseline levels by 2 weeks post-infarct, compared to No RT. We also found robust 546 

elevations in spine turnover in peri-infarct cortex lasting up to 5 weeks post-infarct, the  pattern 547 

of which was generally similar with and without RT with the exception of greater normalization 548 

of spine dynamics by week 5 with RT. However, RT significantly increased the stabilization of 549 

new spines formed during the first 3 weeks after the infarcts relative to both Sham and No RT. 550 

This supports that RT can affect synaptic connectivity in residual M1 by interacting with 551 

ischemia-instigated synaptic structural remodeling responses. Furthermore, RT-driven 552 

improvement in reaching performance was positively correlated with the maintenance of new 553 

spines. These correlative results, together with the experimental results, point to the promotion of 554 

greater new spine stabilization by RT as a potential mechanism underlying RT-driven 555 

improvements in paretic forelimb function.   556 

That RT interacts with post-ischemic spine turnover raises the possibility that this 557 

contributes to time sensitivities in RT efficacy (Allred et al. 2014). Studies in rodent models 558 

support that earlier versus later post-stroke onsets of RT can be more effective in improving  559 

function (e.g., Biernaskie et al., 2004; Zeiler & Krakauer, 2013). For example, Biernaskie et al. 560 

(2004) found that RT initiated 5 days post-infarcts in rats promoted greater improvements in 561 

reaching performance compared with RT beginning at 14 or 30 days.  Though the clinical 562 

evidence for time-dependencies in upper limb RT efficacy is presently scarce, there is much 563 

recent research interest in the topic (Bernhardt et al., 2017; Coleman et al., 2017), and one study 564 

found greater functional improvement in human stroke survivors when the intensive RT 565 

approach, constraint induced movement therapy (CIMT), was initiated in earlier versus later 566 
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post-stroke months (Lang et al., 2013). In the present study, the 5-week period of elevated spine 567 

turnover observed could reflect a window of opportunity that facilitates the capacity of RT to 568 

shape cortical connectivity, via promotion of new spine stabilization, to subserve practice-569 

dependent improvements in motor function. If so, RT initiated early enough to overlap with the 570 

peak period of turnover (first 3 weeks), and to maximize the duration of that overlap, might 571 

maximize RT influences on synaptic connectivity in peri-infarct cortex. These possibilities 572 

remain to be tested. There is also a need to much more thoroughly investigate the nature of the 573 

post-infarct behavioral improvements that are related to new spine stabilization, including 574 

potential relationships to spontaneous recovery that the reaching performance measure of the 575 

present study could have missed and/or that may have been still to emerge, as well as how 576 

relationships may vary across varied individual and stroke characteristics. 577 

Among previous studies to monitor synaptic structural responses to focal ischemia over 578 

time, Brown and colleagues (2007) found robust increases in dendritic spine turnover that 579 

persisted up to 6 weeks after traditional photothrombotic infarcts. Increased spine turnover was 580 

mostly restricted to within 300 μm of the infarct, approximately the size of the ischemic 581 

penumbra in this model (Clark et al., 2019). Mostany and colleagues (2010) reported more 582 

widespread increases in spine turnover after middle-cerebral artery occlusion, which produces a 583 

larger penumbra. The artery-targeted photothrombotic approach of the present study enlarges the 584 

ischemic penumbra relative to traditional photothrombosis (Clark et al., 2019) and resulted in 585 

similarly profound increases in spine turnover on dendrites closer (300-650μm) and more distant 586 

(650-1000μm) from the infarct core. These results across stroke models are consistent with the 587 

spatial area of ischemia-instigated spine turnover in cortex varying with the size of the 588 

penumbra.    589 



 

 26 

In comparing the spatial extent of spine turnover across the artery targeted and traditional 590 

photothrombosis models, it is important to consider that the former does not generate as sharply 591 

delineated lesion borders. This is reflected in the difference between the present study and 592 

Brown et al. (2009) in how the infarct zone was defined. Brown et al. defined it by the absence 593 

of fluorescently labeled dendrites, whereas we defined it as the cortical region with <20% 594 

baseline CBF 10 minutes after ischemia induction. This was intended to the define the core, 595 

rather than outer limits, of damage, as there is more superficial damage beyond this (Clark et al., 596 

2019), consistent with the lack of sufficiently intact dendrites to sample within 300 μm of the 597 

defined infarct core in the present study. Although few of these proximal samples lacked 598 

fluorescently labeled dendrites entirely, if we nevertheless considered them part of the infarct 599 

zone, the spatial extent of the observed spine turnover responses continues to exceed that of 600 

traditional photothrombosis.  601 

 Synaptic structural responses to RT are not specific to superficial dendrites imaged in 602 

vivo. Kim et al. (2018) found that RT increased axodendritic synaptic densities in layer V of peri-603 

infarct M1, including increases in a mature synapse subtype (perforated synapses) which 604 

predicted paretic forelimb improvements. In the present study we found that RT increased spine 605 

density on apical dendrites of layer V pyramidal neurons in layer II/III of peri-infarct M1 at 8 606 

weeks post-infarct compared with No RT. Together, these findings indicate synaptic structural 607 

responses to RT across at least much of the depth of cortex. That spine density in layer II/III was 608 

only modestly correlated with reaching performance at week 4 is also consistent with findings by 609 

Kim et al. that mature, but not overall, synapse quantities in layer V strongly predicted paretic 610 

forelimb function. RT effects on new spine stabilization on superficial dendrites, which did 611 

predict functional improvements, are likely to also reflect its promotion of synapse maturation. 612 
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New spines that are stabilized during motor skill learning increase in size (Fu et al. 2012), which 613 

is linked with increased synapse strength (Hofer et al. 2009; Matsuzaki et al. 2001; Roberts et al., 614 

2010; Yasumatsu et al. 2008).  615 

In contrast to its effects in layer II/III at 8 weeks postinfarct, RT did not increase spine 616 

densities on the superficial dendrites of the same neuronal population that were imaged in vivo, 617 

as assessed at 5 weeks post-infarct. While we cannot rule out the contribution of time to these 618 

differences in the present study, they bear strong resemblance to laminar-dependencies in motor 619 

skill learning effects in intact mice, which is associated with increased spine density in layer 620 

II/III and increased new spine stabilization, but not density, in layer I, both as assessed at 2 621 

weeks post-training (Clark et al., 2018). Together the findings suggest variation in the structural 622 

responses to motor skill training across nearby dendritic subpopulations of the same neurons and 623 

are generally consistent with the possibility that both could mediate motor functional 624 

improvements.  625 

There is a need to better understand mechanisms of RT efficacy to inform strategies for 626 

its improvement. Ischemic stroke instigates neuroregenerative reactions (Cramer and Chopp, 627 

2000; Carmichael, 2006; Brown et al., 2007) that are activity dependent (Yu & Zuo, 2011; 628 

Allred, Kim & Jones 2014), and potentially shaped by behavioral interventions to improve 629 

function, but what exactly to target is quite unresolved. Here, we explored whether post-ischemic 630 

synapse remodeling responses might be such a target. Using two-photon imaging to track spine 631 

turnover in peri-infarct cortex of mice with and without RT, we found that while the general 632 

spine turnover pattern was not strongly affected, RT greatly increased the persistence of newly 633 

formed spines, which correlated with motor performance improvement across training 634 

conditions. The stabilization of new spines in peri-infarct cortex potentially represents a 635 
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structural substrate for RT-driven functional improvements in the paretic forelimb.  That RT also 636 

increased spine density on the deeper apical dendrites of the same neuronal population, together 637 

with prior findings of RT effects in layer V (Kim et al., 2018), is consistent with RT influencing 638 

synaptic structure across the depth of cortex. To our knowledge, these results provide the first 639 

evidence that RT interacts with post-ischemic synapse turnover to shape synaptic connectivity in 640 

the living brain, and raise the possibility that this interaction could be a therapeutic target for 641 

facilitating RT efficacy.   642 

 643 

 644 

 645 

  646 
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Figure Legends: 735 

      736 
Figure 1. Experimental Design. (A) Experimental time course. Block arrows indicate time 737 

points of imaging sessions and behavioral probes. (B) Speckle contrast image of cortical surface 738 

vasculature just before (left) and 10 minutes following (right) artery-targeted photothrombosis. 739 

Targeted arterioles are outlined in green. The infarct core, as defined by the region with < 20 % 740 

baseline CBF ten minutes after stroke onset, is indicated by the dotted white line. The red box 741 

indicates a dendritic sample region. Scale bar 1mm. (C) Schematic diagram of imaging zones 742 

relative to the ischemic core and to CFA and RFA areas defined previously from ICMS mapping 743 

(Tennant et al., 2011). (D) Low-magnification image of GFP-labeled dendrites in the sample 744 

imaging location. Scale bar 100μm. (E) High magnification image of the sampling region. Scale 745 

bar 10μm. 746 

 747 

      748 

Figure 2. RT improved post-infarct skilled reaching performance. (A) Example of a mouse 749 

performing the single seed retrieval task. The arrow points to the seed, which is grasped between 750 

digits. (B) Reaching performance, measured as successful retrievals per reach attempt. Post-751 

infarct performance significantly declined in both infarct groups. In the No RT group, 752 

performance decrements relative to sham operates did not vary significantly by time over the 5 753 

weeks post-infarct. In contrast, the RT group performed significantly worse than sham only at 754 

post-infarct day 3 and not thereafter. (C) Representative lesion in a Nissl stained coronal section. 755 

Scale bar 500 μm. (D) Cortical lesion volume, measured as the difference in cortical volume 756 

between ipsi- and contralesional hemispheres, was similar between the No RT and RT groups. 757 

The intercortical volume difference in both infarct groups was significantly greater than sham.  758 
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(E) Representative lesion reconstructions of the infarct group overlaid on coronal section 759 

templates. Numbers to the right represent anterior to posterior coordinates in mm relative to 760 

bregma. Data are M ± SE. **p < 0.01, ***p's < 0.0001 vs. Sham. 761 

      762 

Figure 3. Patterns of spine turnover in peri-infarct cortex. (A) Examples of spine turnover in 763 

peri-infarct cortex over 5 weeks.  Scale bar 10μm. (B) Spine formation was increased in both 764 

infarct groups relative to sham across all post-infarct weeks. (C) Spine elimination was increased 765 

in both infarct groups relative to sham at each time point with the exception of week 4 in RT. 766 

Infarct groups did not differ significantly from one another with the exception of week 5, when 767 

spine formation and elimination were significantly lower in the RT vs. NoRT group (see text for 768 

details). Data are M ± SE. *p’s < 0.02, **p’s < 0.001, ***p’s < 0.0001 vs. Sham.  769 

 770 

Figure 4. The general pattern of spine turnover was similar across distances. The pattern of 771 

spine formation (A) and elimination (B) in infarct groups at closer (300-650μm) and further 772 

(651-1000μm) distances from the infarct core over time. There were no significant differences 773 

across distances. Data are M ± SE. 774 

 775 

Figure 5. Long term maintenance of spines formed during post-infarct weeks 1-3 was 776 

greater with RT. (A) Percent of new spines formed during postinfarct week 1 that remained in 777 

weeks 2-5. A greater percentage of spines persisted to the final time point in the RT group 778 

compared to No RT and sham. (B) The percent of spines formed during week 2 that persisted in 779 

weeks 3-5 was greater overall in RT compared to No RT and sham (see text for details). (C) The 780 

percent of spines formed during week 3 that remained at week 5 was greater in RT compared to 781 



 

 35 

No RT and sham. Data are M ± SE.  †p < 0.05, ††p < 0.01  RT vs. No RT; *p < 0.05, **p< 0.01 782 

RT vs. sham. 783 

 784 

Figure 6. Stabilization of spines formed during weeks 1-2 post-infarct predicted RT-785 

promoted reaching performance improvements. Relationships between reaching performance 786 

at weeks 2 and week 4 and the persistence of spines formed in the preceding weeks. Performance 787 

was analyzed as the % preoperative baseline successful retrievals per reach attempt. (A) The 788 

percent of new spines formed during week 1 that persisted to week 2 was significantly correlated 789 

with reaching performance at week 2 in the RT, but not No RT, group. Similarly, reaching 790 

performance in week 4 in the RT, but not No RT, group was significantly correlated with new 791 

spines remaining at week 4 that formed in (B) week 1 and (C) week 2. (D) Relationships 792 

between behavior at week 4 and new spines persisting to that point that had formed in week 3 793 

failed to reach significance in both groups. See text for statistical details.  794 

 795 

Figure 7. RT increased spine density on apical dendrites of layer V pyramidal neurons in 796 

layer II/III of peri-infarct MC. (A) Confocal image of an apical dendrite sampled in layer II/III 797 

from the RT (top), No RT (middle), and sham (bottom). Scale bar 10μm. (B) Spine density, 798 

measured as spines/μm, was increased in the RT group at 8 weeks post-infarct relative to both 799 

No RT (*p < 0.05) and sham (***p < 0.0001). Spine density was not significantly increased in 800 

the No RT group compared with sham (p = 0.07).  801 

  802 
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Table 1.  Primary Variables Disaggregated by Sex  803 
 804 
Post-Infarct Reaching Success/Attempt 

Group (n)  Week 
 Day 3 1 2 3 4 5 
 Infarct RT           

Female (3) .25 ± .01 .33 ± .01 .34 ± .01 .33 ± .01 .35 ± .01 .40 ± .02 
Male (3) .20 ± .02 .32 ± .01 .43 ± .02 .39 ± .01 .42 ± .02 .42 ± .01 

Infarct No RT       
Female (4) .25 ± .02 .23 ± .02 .31 ± .02 .34 ± .02 .34 ± .02 .40 ± .03 

Male (3) .23 ± .01 .15 ± .01 .20 ± .01 .23 ± .03 .25 ± .01 .42 ± .01 
Sham RT       

Female (1) .41 ± n/a .43 ± n/a .46 ± n/a .44 ± n/a .39 ± n/a .47 ± n/a 
Male (3) .40 ± .04 .36 ± .03 .40 ± .06 .36 ± .08 .40 ± .07 .46 ± .05 

Sham No RT       
Female (3) .34 ± .09 .41 ± .01 .44 ± .07 .38 ± .02 .39 ± .06 .48 ± .12 

Male (2) .34 ± .04 .33 ± .03 .34 ± .05 .34 ± .02 .40 ± .06 .48 ± .04 
       

% Spine Turnover 
Formation Baseline      
Infarct RT       

Female (3)  2.3 ± 0.1 4.5 ± 0.2 4.0 ± 0.3 5.0 ± 0.3    4.1 ± 0.1    2.7 ± 0.03 
Male (3)  2.8 ± 0.03 5.3 ± 0.3 7.3 ± 0.2 5.8 ± 0.1    4.0 ± 0.5 3.3 ± 0.1 

Infarct No RT       
Female (3) 2.6 ± 0.03 4.1 ± 0.1 6.8 ± 0.4   4.2 ± 0.3 4.4 ± 0.3    4.9 ± 0.2 

Male (2) 2.5 ± 0.1 6.9 ± 0.7 6.3 ± 0.9   4.3 ± 0.3    3.9 ± 0.4    4.4 ± 0.3 
Sham RT       

Female (1) 1.2 ± n/a 1.4 ± n/a 1.4 ± n/a   1.4 ± n/a 1.8 ± n/a  1.8 ± n/a 
Male (3) 2.2 ± 0.1 2.2 ± 0.1 1.9 ± 0.1   2.4 ± 0.4    1.8 ± 0.3  2.2 ± 0.4 

Sham No RT       
Female (3) 2.3 ± 0.5 3.7 ± 0.7 2.2 ± 0.3   2.5 ± 0.4    2.2 ± 0.2 2.0 ± 0.1 

Male (1) 2.0 ± n/a 1.5 ± n/a 3.0 ± n/a   2.0 ± n/a 1.7 ± n/a 1.9 ± n/a 
       

Elimination       
Infarct RT       

Female (3) 2.3 ± 0.1 8.4 ± 0.20 6.6 ± 0.4   3.7 ± 0.4    2.5 ± 0.03   3.0 ± 0.07 
Male (3) 2.8 ± 0.1 13.0 ± 1.0 6.6 ± 0.5   5.7 ± 0.7 4.2 ± 0.2    3.4 ± 0.07 

Infarct No RT       
Female (4) 2.4 ± 0.1 10.7 ± 0.4 6.8 ± 0.3   5.3 ± 0.1    4.5 ± 0.2    5.9 ± 0.2 

Male (4) 2.5 ± 0.1 12.1 ± 0.5 7.8 ± 1.7   3.5 ± 0.4    6.0 ± 0.6    4.1 ± 0.8 
Sham RT       

Female (1) 1.7 ± n/a 1.4 ± n/a 1.4 ± n/a   1.4 ± n/a    2.4 ± n/a    1.2 ± n/a 
Male (3) 2.2 ± 0.1 2.9 ± 0.2 2.0 ± 0.2   2.4 ± 0.4    2.1 ± 0.01   2.5 ± 0.4 

Sham No RT       
Female (3) 3.0 ± 0.01 2.7 ± 0.01 2.6 ± 0.01   2.5 ± 0.01  3.2 ± 0.0   2.2 ± 0.0 

Male (1) 1.5 ± n/a 2.5 ± n/a 2.0 ± n/a   3.0 ± n/a    2.6 ± n/a   2.0 ± n/a 
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Table 1 (cont) 
 

% New Spine Maintenance 
 Week 
 1-2  1-3  1-4  1-5  

Infarct RT     
Female (2) 58.5 ± 4.3  47.2 ± 1.4 47.2 ± 1.4  47.2 ± 1.4  

Male (3) 85.6 ± 2.4  58.3 ± 2.8  58.3 ± 2.8  50.0 ± 0  
Infarct No RT      

Female (3) 63.6 ± 3.3 41.1 ± 8.0  30.0 ± 5.0  23.2 ± 4.8  
Male (4) 66.3 ± 1.7  50.8 ± 1.6 32.5 ± 1.0  28.3 ± 1.5  

Sham RT     
Female (1) 100 ± n/a  67.7 ± n/a  33.3 ± n/a  0 ± n/a  

Male (3) 38.9 ± 5.6  11.1 ± 11.1  0 ± 0 (2) 0 ± 0 (2) 
Sham No RT     

Female (2) 58.4 ± 8.4 25.0 ± 8.3 16.7 ± 16.7 33.3 ± n/a 
Male (1) 25.0 ± n/a 25.0 ± n/a 0 ± n/a 0 ± n/a 

  2-3  2-4  2-5  
Infarct RT     

Female (3)  68.3 ± 3.1  53.3 ± 1.1  50.0 ± 0 (2)       
Male (3)  85.7 ± 2.7  69.0 ± 2.5  69.0 ± 2.5  

Infarct No RT      
Female (4)  59.4 ± 1.4  43.0 ± 1.7  31.8 ± 2.1  

Male (4)  62.8 ± 2.1  31.9 ± 1.0  20.5 ± 1.0  
Sham RT     

Female (1)  100.0 ± n/a  50.0 ± n/a     0 ± n/a  
Male (3)  44.4 ± 11.1  22.1 ± 11.1       0 ± 0  

Sham No RT     
Female (3)  53.3 ± 3.3 46.7 ± 3.3 50 ± n/a 

Male (1)  33.3 ± n/a 0 ± n/a 0 ± n/a 
   3-4  4-5  

  Infarct RT     
Female (2)   81.8 ± 0  81.8 ± 0  

Male (3)   73.8 ± 4.8 55.6 ± 1.9 
Infarct No RT      

Female (3)   57.2 ± 4.6  31.4 ± 3.1  
Male (5)   56.2 ± 3.3  40.5 ± 1.6  

Sham RT     
Female (0)   n/a ± n/a  n/a ± n/a  

Male (2)   66.6 ± 33.3 16.6 ± 16.6 
Sham No RT     

Female (2)   37.5 ± 12.5 25.0 ± n/a 
Male (1)   66.6 ± n/a 50.0 ± n/a 

Data are M ± SE. Group n’s are the same across time points unless otherwise noted. 805 
 806 
 807 
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Table 2. Layer I Dendritic Spine Density per μm 808 

  Week  
 

Baseline 1 2 3 4 5 Baseline- 
Week 5 

 No RT (7) .34 ± .004 .29 ± .01 .29 ± .01 .28 ± .01   .29 ± .01 .28 ± .01* 
 

.05 ± .009† 

RT (5) .32 ± .01 .29 ± .01 .29 ± .01 .30 ± .01   .31 ± .01 .31 ± .01* 
 

.02 ± .002 
Data are M ± SE. *p<.01 vs. baseline, †p=.01 vs. RT 809 

  810 


















