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ABSTRACT 32 

Past investigations on stem cell mediated recovery after stroke have limited their focus on the 33 

extent and morphological development of the ischemic lesion itself over time or on the 34 

integration capacity of the stem cell graft ex vivo. However, an assessment of the long-term 35 

functional and structural improvement in vivo is essential to reliably quantify the regenerative 36 

capacity of cell implantation after stroke. 37 

We induced ischemic stroke in nude mice and implanted human neural stem cells (H9 38 

derived) into the ipsilateral cortex in the acute phase. Functional and structural connectivity 39 

changes of the sensorimotor network were non-invasively monitored using MRI for three 40 

months after stem cell implantation. A strong decrease of the functional sensorimotor network 41 

extended even to the contralateral hemisphere, persisting for the whole 12 weeks observation. 42 

In mice with stem cell implantation, functional networks were stabilized early on, pointing to 43 

a paracrine effect as an early supportive mechanism of the graft. This stabilization required 44 

the persistent vitality of the stem cells, monitored by bioluminescence imaging. Thus, we also 45 

observed deterioration of the early network stabilization upon vitality loss of the graft after a 46 

few weeks. Structural connectivity analysis showed fiber density increases between the cortex 47 

and white matter regions occurring predominantly on the ischemic hemisphere. These fiber 48 

density changes were closely similar for both study groups. This motivated us to hypothesize 49 

that the stem cells can influence, via early paracrine effect, the functional networks, while 50 

observed structural changes are mainly stimulated by the ischemic event.  51 

 52 

 53 

 54 

 55 
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Significance statement  56 

Recent years have seen a change in paradigm from focusing on the ischemic focus to 57 

investigating the long-range effects of the lesion on the whole brain.  Outcome improvements 58 

in stem cell therapies also require the understanding of their influence on the whole brain 59 

networks. Here, we have longitudinally and non-invasively monitored the structural and 60 

functional network alterations in the mouse model of focal cerebral ischemia. Structural 61 

changes of fiber density increases are stimulated in the endogenous tissue without further 62 

modulation by the stem cells, while stem cell contribute to a functional networks stabilization 63 

via paracrine effect. These results will contribute to decipher the underlying networks of brain 64 

plasticity in response to cerebral lesions and unravel the stem cell mediated regeneration. 65 

   66 

 67 

Keywords: resting state-fMRI, fiber tracking, stroke, mouse, stem cell implantation, 68 

paracrine effect  69 
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INTRODUCTION 70 

Stroke remains the major cause for permanent disabilities and ranks among the most common causes 71 

of death within the Western countries. Up to now, thrombolysis is the only clinically available 72 

treatment, but due to restrictions of a short time window for treatment and risks of serious side-effects, 73 

only 5-10% of the stroke patients can profit from it. Therefore, there is an urgent need for new, 74 

additional therapeutic strategies that remain or are specifically effective after the relevant thrombolytic 75 

time window. With the onset of stem cell biology , stem cells, with their unique capacity of cell 76 

renewal, have quickly gained high interest as a source for regenerative therapy. 77 

In the past, several experimental investigations have already reported outcome improvement after stem 78 

cell implantation in rodent models of stroke (Bacigaluppi et al., 2009; Minnerup et al., 2011; 79 

Doeppner et al., 2017). The attention of those studies has typically been limited to the ischemic focus 80 

itself assessing e.g. lesion size or has been drawn to the fate of the stem cell graft, e.g. structural and 81 

functional integration into the host brain tissue, while correlating these aspects with behavioral deficit 82 

and improvement, respectively (Ramos-Cabrer et al., 2010; Oki et al., 2012; Tornero et al., 2013).   83 

In the present investigation, we have set out to unravel how the whole brain is affected by the ischemic 84 

event as well as by the treatment with the stem cell engraftment. For this purpose, we have focused on 85 

changes of structural and functional connectivities of the sensorimotor networks. This approach 86 

permits to assess the stroke-induced far-ranging disturbances in the networks while unraveling the 87 

therapeutic effect of the stem cell graft and clarifying its mechanism of action. Particular attention is 88 

directed to the contralateral hemisphere which has been discussed to play an important role during 89 

cortical reorganization and related recovery (Reitmeir et al., 2011; Reitmeir et al., 2012; Buetefisch, 90 

2015). 91 

We have applied state-of-the-art high-field MRI using resting state fMRI (rsfMRI) for functional 92 

connectivity analysis. RsfMRI depends on blood oxygenation level-dependent (BOLD) fluctuations 93 

that modulate the MRI signal during resting brain condition. Functional connectivity of  rsfMRI is 94 

then based on strong temporal correlations between regional fluctuations. In a recent report, Ma et al. 95 

(Ma et al., 2017) had compared rsfMRI data with simultaneously recorded  neural activity, measured 96 
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with optical imaging of calcium-sensitive fluorophore GCaMP. In this study these authors 97 

demonstrated a direct and strong coupling between the rsfMRI hemodynamic pattern and the 98 

excitatory neural activity. Active, functional links between brain regions that are spatially segregated 99 

can then further be identified through the correlation of the acquired MRI time profiles.  100 

High angular resolution diffusion imaging (HARDI) maps the underlying neural pathways through the 101 

reconstruction of axonal bundles (fibers). The spherical harmonics-based Q-Ball reconstruction 102 

algorithm (Tuch, 2004; Descoteaux et al., 2007) allows to accurately resolve also regions with a rather 103 

complex fiber architecture that involves multiple fiber directions within one voxel (Tuch et al., 2003). 104 

Thus, we have unraveled the changes in fiber density of the sensorimotor structural pathways. From 105 

the combination of both methods, we obtain a full-fledged insight into the neural connectivity changes 106 

from the combined structural and functional point of view. 107 

Far-reaching disturbances of the sensorimotor networks in the mouse brain after stroke are 108 

characterized, extending to the contralesional hemisphere. 109 

We report here for the first time that stem cell implantation after stroke results in direct stabilization of 110 

this functional network, leaving it indistinguishable from normal brain networks. Including in vivo 111 

bioluminescence imaging (Aswendt et al., 2013b; Adamczak et al., 2017), we demonstrate that this 112 

stabilization requires persistent graft vitality. Noted increases of fiber density in the structural 113 

sensorimotor network of the ischemic hemisphere are exclusively stroke induced, but are not further 114 

modulated by stem cell grafting. 115 

Our studies show for the first time the long range stabilizing effect by the stem cell graft on the 116 

functional network, taking place without the need for integration into the host brain tissue and 117 

interpreted as a paracrine effect. 118 

 119 

 120 

 121 
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MATERIALS and METHODS 122 

 123 

Experimental Animals and Experimental Design 124 

All animal experiments were carried out in accordance with the guidelines of the German Animal 125 

Welfare Act and approved by the local authorities (Landesamt für Natur, Umwelt und 126 

Verbraucherschutz Nordrhein-Westfalen). Animals were socially housed under a fixed 12:12 h 127 

light/darkness cycle with ad libitum access to food and water. 128 

Adult, male NMRI-nu mice (12-14 weeks old, 32-37g; Janvier, France) were used in this study. All 129 

surgical experiments were performed under anesthesia with 1.5%-2% of Isoflurane in a mixture of 130 

70/30% N2O/O2 atmosphere, accompanied by subcutaneous injection of 4 mg/kg Carprofen (Rimadyl, 131 

Zoetis, Berlin, Germany) twice a day as an analgetic, for three days following surgery.  Stroke was 132 

induced by the filament occlusion method on day 0 (see below for details). Two days later, stem cells 133 

were grafted or HBSS injected (cf below). Magnetic Resonance Imaging (MRI) was performed 5-8 134 

days before, as well as 1, 2, 4, 8, and 12 weeks after stroke induction and cell implantation (2 days 135 

after stroke), while bioluminescence imaging (BLI) of the transgenic graft was recorded at week 136 

2,4,,6,8,10, and 12 after stroke. 137 

 138 

Transient middle cerebral artery occlusion 139 

After MRI baseline measurements, focal ischemic stroke was initiated by transient occlusion of the 140 

middle cerebral artery (MCAO) with an intraluminal filament as described previously (Adamczak et 141 

al., 2014; Hamzei Taj et al., 2016). In brief, mice were anesthetized with Isoflurane and the branch of 142 

the right common carotid artery (CCA), the external and the internal carotid arteries were exposed. A 143 

rubber-coated filament (length of 20 mm, diameter of 170 m at the tip, Doccol Corp., Sharon, USA) 144 

was inserted into the internal carotid artery (ICA) until blockage of the MCA. The filament was kept 145 

in place for 30 minutes and mice were allowed to wake up during this period. At the end of the 146 
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occlusion time, the animals were re-anesthetized, the filament was removed to allow for reperfusion, 147 

and the CCA was ligated permanently. Analgesic medication was started briefly before surgery and 148 

provided during three days thereafter. During the following two weeks, body weight was monitored 149 

and a modified Neurological Deficit Score (mNDS) was recorded (Chen et al., 2001; Hamzei Taj et 150 

al., 2016) to support evaluation of comparable stroke severity between groups by assessment of 151 

sensorimotor function deficit. 152 

Intracerebral injection and monitoring of transgenic neural stem cells 153 

The commercially available human neural stem cell line H9-NSC (WA09, Life Technologies) was 154 

lentivirally transduced with the construct EF1α-Luc2-T2A-eGFP to express the light emitting imaging 155 

reporter firefly luciferase (Luc2) and an enhanced green fluorescence protein (eGFP) under the 156 

constitutive promotor of the elongation factor 1 alpha (EF1alpha). Cell generation, cultivation, and 157 

quantification have been described in detail elsewhere (Tennstaedt et al., 2015). 158 

Two days after stroke induction and before cell implantation, all animals were tested and sorted for 159 

successful stroke development in the cortex and striatum with MRI. For cell implantation, NMRI-nu 160 

mice were anesthetized and the head was fixed in a stereotaxic frame (Stoelting, Dublin, Ireland). A 161 

small hole was drilled into the skull above the planned injection site, and a Hamilton syringe (26 G 162 

needle) was slowly inserted ipsilesionally into the cortex at the injection site with AP: +0.5mm, DV: -163 

0.5mm according to bregma. The lateral coordinate was previously determined near the lesion for each 164 

individual with the acquired MR image at approximately L: 1-2 mm. 165 

Nine randomly selected animals with a cortico-striatal stroke were injected with 2 l of H9-EF1α-166 

Luc2-T2A-eGFP cells (150,000 cells/ l), resuspended in Hank’s balanced salt solution (HBSS, Life 167 

Technologies), at a flow rate of 150 nl/min. After injection, the needle was kept in place for 5 minutes 168 

before withdrawal. Six ischemic animals were used as a sham group and were injected with 2 μl of 169 

HBSS instead of cells under the same experimental conditions as the cell group. 170 

For sequential monitoring of cell vitality, Bioluminescence Imaging (BLI) was conducted once every 171 

1-2 weeks for the duration of the study. For BLI measurements the mice were intraperitoneally 172 
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injected with 300 mg/kg D-Luciferin sodium salt (Synchem, Felsberg, Germany) solved in Dulbecco’s 173 

phosphate-buffered saline (PBS, Life Technologies) and subsequently anesthetized with a mixture of 174 

2% Isoflurane in 70/30% N2O/O2 atmosphere (Aswendt et al., 2013a). Photon Emission (PE) was 175 

recorded for 30 minutes with the Photon Imager IVIS SPECTRUM CT (Perkin-Elmer, Waltham, MA, 176 

USA) under continuous Isoflurane anesthesia. 177 

 178 

Structural and Functional MRI Data Acquisition 179 

All experiments were conducted on a small animal 9.4 T horizontal MRI system with a 20 cm bore 180 

diameter and actively shielded gradient coils (BGA12S2, 600 mT/m, Bruker BioSpin, Ettlingen, 181 

Germany). RF excitation and signal reception were performed with a 1H quadrature cryogenic surface 182 

coil (CryoProbe, Bruker BioSpin). Image acquisition was executed via the ParaVision 5.1 software 183 

(Bruker BioSpin GmbH). Physiological parameters were monitored with the SA Instruments 1025T 184 

System (SA Instruments, NY, USA) and recorded with DASYlab Software (Measurement Computing, 185 

Norton, USA). Body temperature was measured via a fiber optic rectal probe (SA Instruments, NY, 186 

USA) and kept constant at 37° C ± 1.0° C  by a water circulating system (medres, Cologne, Germany). 187 

Animals were anesthetized with 2% Isoflurane in a mixture of 70/30% N2/O2 and the head was fixated 188 

in the animal cradle with ear bars and a tooth holder in a nose cone with continuous gas flow. At the 189 

beginning of the imaging session, Isoflurane was reduced to 1.5%. 190 

Structural and functional MRI were both acquired within one session to allow for better temporal 191 

correlation. Functional activity was acquired as resting-state functional MRI (rs-fMRI) and the 192 

structural network with diffusion sensitive Q-ball imaging. All MRI sessions were preceded by a 193 

three-plane scout scan (Tripilot), adjustment of the RF signal receiver gain, and a FieldMap with 194 

consecutive local shim to optimize field homogeneity and image quality. An anatomical reference scan 195 

was acquired with a T2-weighted TurboRARE sequence with a field of view (FOV) of 17.5 × 17.5 196 

mm2, 48 contiguous slices of 0.2 mm slice thickness, matrix dimension of 256 × 256, repetition time 197 

(TR), 5,500 ms, echo time (TE), 32.5 ms, and a RARE factor of 8 with two averages. 198 
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A bolus of 0.1 mg/kg Medetomidine (Domitor®, Elanco), suspended in 250 l NaCl, was administered 199 

subcutaneously 15-20 minutes prior to the functional imaging scan, with subsequent reduction of 200 

Isoflurane level to 0.5%, following an adapted protocol of Grandjean and colleagues (Grandjean et al., 201 

2014). A gradient-echo echo-planar imaging (GE-EPI) sequence was used for rs-fMRI with the 202 

following parameters: FOV: 17.5 × 17.5 mm2, matrix size: 96 × 96, in-plane resolution: 182 × 182 203 

m2, TR: 2,840 ms, and a TE of 18 ms. 105 images were acquired with 16 slices, having a slice 204 

thickness of 0.5 mm and an inter-slice gap of 0.1 mm, recorded non-interleaved and covering the 205 

whole forebrain, starting only after a minimal time of 10 min on reduced Isoflurane levels. 206 

A half-sphere Q-ball imaging protocol was acquired with a 4-shot spin-echo EPI sequence (SE-EPI), 207 

FOV: 17.8 × 17.8 mm2, matrix size: 128 × 128, in-plane resolution: 139 × 139 m2; TR: 3,500 ms, and 208 

TE of 20 ms, with 16 contiguous slices and 0.5 mm slice thickness. 126 diffusion encoding gradient 209 

directions covering half a unit sphere from a five-fold tessellated icosahedron with a constant b-value 210 

of 2,000 s/mm2 (Kuo et al., 2008) were used with the time between diffusion gradients ∆ = 10 ms and 211 

their duration δ = 4 ms. For registration purposes, 8 A0 (b=0 s/mm2) images, distributed linearly 212 

between the diffusion sensitized images, were acquired additionally. 213 

 214 

Data processing 215 

rs-fMRI preprocessing 216 

All datasets were brain extracted, slice-wise motion corrected with FSL (FMRIB Software Library; 217 

http://www.fmrib.ox.ac.uk/fsl) (Smith, 2002; Cox et al., 2004) and linearly detrended (Kalthoff et al., 218 

2011). To allow for comparison of different sessions and imaging sequences for analysis of specific 219 

Regions of Interest (ROIs), we coregistered our datasets to publicly available mouse brain atlases of 220 

the whole brain (Dorr et al., 2008) and the neocortex (Ullmann et al., 2013) through the following 221 

multi-step process using FSL’s FLIRT (Jenkinson et al., 2002): (1) First, an in-house made MR mouse 222 

brain template was warped through an affine, non-linear transformation to both brain atlases. (2) The 223 

acquired anatomical reference scan from each individual session was further linearly (6 DOF) 224 
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coregistered to the in-house mouse brain template and (3) the functional datasets to the anatomical 225 

datasets via rigid-body transformation as well. (4) Finally, all concatenated matrices were inverted and 226 

applied to the mouse brain atlas to avoid deformation bias of the raw data. This detailed and complex 227 

co-registration process of the original data to the mouse brain atlas are indispensible to assure accurate  228 

and stable assignment of the selected ROIs throughout a longitudinal study with repetitive 229 

measurements.  230 

Six ROIs, or nodes, were extracted from the sensorimotor network, separate for each hemisphere: The 231 

primary and secondary motor cortex (M1/M2), the primary somatosensory cortex excluding the limb 232 

regions (S1 w/o limbs), the S1 fore- and hindpaw limb regions (S1 limbs), the secondary 233 

somatosensory cortex (S2), the thalamus (Th), and the caudate putamen (CPu). Bilateral ROIs were 234 

only analyzed until week 2 after stroke induction for accuracy purposes of ROI extraction. For longer 235 

periods after stroke, only the contralateral hemisphere was analyzed. 236 

We further accounted for noise contributions in the resting-state signal: regression of physiological 237 

noise was performed by regressing out the recorded respiratory signals, motion parameters, and drifts 238 

up to the second order that were obtained from the motion correction step, as explained in further 239 

detail in (Kalthoff et al., 2011). Furthermore, the data were spatially smoothed with a Gaussian filter 240 

of FWHM=0.3 mm in-plane (Smith and Brady, 1997). Additionally, to limit contributions from low-241 

frequency signal drifts and high-frequency physiological noise, the time series signal was bandpass-242 

filtered to 0.01-0.08 Hz and normalized. Group-wise full Pearson correlation between pairs of ROIs 243 

(i.e. nodes) of the average time series were calculated with a customized version of FSLNets (v0.6; 244 

www.fmrib.ox.ac.uk/fsl) and compiled in matrix form. Additionally, intra-node connectivity of the rs-245 

fMRI data was computed, correlating all voxels per animal within each ROI and extracting the average 246 

value per ROI and group using custom-written scripts. No global signal removal was performed as its 247 

value is still controversially discussed in the literature, and the meaning of negative correlation values, 248 

appearing often after global signal removal are not understood. All correlation values were 249 

transformed to z-values by taking the Fisher transformation of the r-values prior to averaging. 250 

 251 
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Diffusion data processing 252 

The acquired A0 images were brain-extracted and motion-corrected. The resulting correction matrices 253 

for each individual A0 image were interpolated for the diffusion-weighted images recorded in between 254 

the A0 images and applied to the corresponding diffusion images. For ROI-based data extraction, we 255 

coregistered the A0 images to the mouse brain atlases and applied the inverse matrix to the mouse 256 

atlas, as already described above. In addition to the ROIs used for the functional datasets, we included 257 

the following white matter regions: cerebral peduncle (cp), corpus callosum (cc), fimbria (fi), fornix 258 

(fx), internal capsule (ic) and the anterior commissure (ac). Diffusion data were reconstructed with 259 

DSIStudio (dsi-studio.labsolver.org) by using spherical harmonics-based Q-ball reconstruction (Tuch, 260 

2004; Descoteaux et al., 2007) with a regularization parameter of 0.006 (Descoteaux et al., 2007) and 261 

8-fold tessellation. Quantitative anisotropy maps were calculated and group-wise averaged, then ROI-262 

based analysis was conducted with ImageJ using custom macros (Version 1.46; National Institutes of 263 

Health, Bethesda, USA; http://rsbweb.nih.gov/ij). Deterministic streamline whole-brain tractography 264 

(Basser et al., 2000) was performed with DSI-Studio using a 0.5 mm step size, a weighting of 0.1 265 

between directions, and a QA threshold of 0.02. Fibers with a length of less than 5 mm or more than 266 

120 mm, as well as fibers with a turning angle greater than 55° were discarded. Fiber count 267 

connectivity matrices were calculated (DSIStudio) that represent the number of fibers passing between 268 

ROIs. To account for differences in ROI volumes, fiber counts were voxel normalized and a minimal 269 

threshold of one fiber per voxel was applied using MATLAB v.2014b (The MathWorks, Inc., Natick, 270 

Massachusetts, United States). Matrices present difference in voxel-normalized fiber density between 271 

two time points.  272 

 273 

Immunohistochemistry 274 

After the last MRI measurement, 12 weeks after stroke induction, all animals were deeply anesthetized 275 

with Isoflurane and transcardially perfused with phosphate buffered saline (PBS), followed by 4% 276 

paraformaldehyde (PFA, Carl Roth). The whole brain was removed and kept in PFA overnight. On the 277 

following day, brains were transferred to a 30% sucrose solution and soaked for at least two days. 278 
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Finally, brains were frozen in -40 °C cold 2-methylbutane (Merck Millipore) and stored at -80 °C. 279 

Coronal sections (14 μm) were cut on a cryostat (Leica, Wetzlar, Germany), mounted on SuperFrost® 280 

Plus slides (Thermo Fisher Scientific) and stored at -20 °C. Antigen retrieval was conducted prior to 281 

staining by incubating tissue sections in sodium citrate buffer (pH 6.0) at 80 °C for 30 minutes. To 282 

locate engrafted human NSCs and to prove cell graft for neuronal differentiation, brain sections were 283 

stained against human nuclei (HuNu, 1:100, Chemicon) and Neuronal Nuclei (NeuN, 1:100, Synaptic 284 

Systems) as described before (Tennstaedt et al., 2015). Cell nuclei of all cells were counterstained with 285 

Hoechst 33342 (1:1000, Sigma) and sections were mounted in Entellan (Merck Millipore). Images 286 

were acquired with a 4x, 20x or 60x magnification objective with the BioRevo BZ-9000 fluorescence 287 

microscope (Keyence, Osaka, Japan) and the BZ-II Analyzer 2.1 software (Keyence).  288 

 289 

Statistical analysis 290 

Statistical analysis was performed with IBM SPSS 24 software (IBM Corporation, New York, NY, 291 

USA) and Matlab 2014b The MathWorks Inc., Natick, MA, USA). Statistical significance levels were 292 

set to p < 0.05:*, p < 0.005:**.  293 

Functional connectivity: Univariate repeated measures ANOVA was used for the statistical analysis of 294 

the cross-correlation, within-group results and mixed ANOVA for the cross-correlation between group 295 

effects, with post-hoc Bonferroni corrections, respectively. Most of the comparisons did not survive 296 

the most conservative statistical correction for multiple comparisons. We refrained from the less 297 

accurate statistical analysis but decided to present the changes over time and the difference between 298 

groups as strong trends, unless where statistical significance is explicitly given. 299 

Structural connectivity: Fiber density was statistically tested for significance with Friedman test and 300 

Dunn post-hoc corrections for multiple comparisons for the longitudinal within-group analysis and 301 

with Mann-Whitney for pairwise, between group analysis for each week separately. Repeated-302 

measures ANOVA was used for the intra-node QA analysis. 303 

 304 
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RESULTS 305 

Characterization of ischemic lesion 306 

Two characteristic lesion types were generated by the 30 min MCA occlusion, namely lesions 307 

restricted to the striatum (n=6) and lesions involving both striatum and cortex (n=15). For analysis of 308 

the functional data, only a homogeneous group of cortico-striatal lesions was included to assure equal 309 

condition in both groups (sham implantation and stem cell implantation, respectively). During the 310 

longitudinal study protocol T2-weighted RARE MR images of the included animals were acquired 311 

before stroke induction, and at week 1, 2, 4, 8, and 12 after stroke induction. One week before MCAO, 312 

RARE images showed no signs of lesion of the healthy subjects. At week 1 after MCAO, areas with 313 

markedly increased T2 values, presenting as hyperintensity, demarcated the lesion extending over 314 

large parts of the striatum and the cortex on the right hemisphere. Early brain swelling due to 315 

vasogenic edema was only minor. A pronounced curvature of the midline could be noted from week 2 316 

ongoing due to brain atrophy, distorting the ischemic hemisphere and therefore prohibiting reliable 317 

assignment of anatomic regions through coregistration to the anatomic atlas. Therefore, analysis of 318 

anatomic regions on the ipsilateral hemisphere was extended only till week 2, after which time, data is 319 

presented only for the robust coregistration on the contralateral hemisphere. For the monitoring of 320 

acute and chronic ischemic lesion location, its size and development, diffusion changes were 321 

registered. Incidence maps of the QA value were chosen to indicate the comparable lesion extent in 322 

both groups (Fig. 1A). 323 

The modified neurological deficit score had closely similar time curves for both animal groups ( Fig. 324 

1B). Modified NDS with a scale of 0-16 points increased from value of 0 before stroke to a maximum 325 

of 10-12 points at day 2 post MCAO, indicating a severe functional sensorimotor deficit. During the 326 

following 10 days, mNDS values decreased to 6-7 points reflecting a moderate lesion. 327 

 328 

Functional connectivity  329 

Both hemispheres during the first two weeks after stroke 330 
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Before stroke, the functional connectivity matrices of the sensorimotor networks (z-score values; Fig. 331 

2A) show equal correlation strength in both hemispheres within each group. Moreover, the matrices of 332 

both groups do not show statistically significant differences prior to intervention. At week 1 after 333 

stroke, a strong, global decrease of connectivity strength is noted in the sham implantation group 334 

(upper matrix triangle), but not in the cell implantation group (lower matrix triangle). No statistically 335 

significant change in connectivity strength is seen between consecutive time points within each group 336 

and node during the first two weeks following stroke.  337 

The intergroup statistical analysis at week 1 shows that the ipsi- as well as contralateral thalamus have 338 

significantly higher correlation strengths to almost all contralateral cortical nodes (with the exception 339 

of the motor cortex) (0.005<p<0.05) in the cell group compared to the sham treated group.  340 

The ipsilateral, intra-hemispheric connectivities (Fig. 3A) of the motor cortex show decreased values 341 

for the connection to the primary somatosensory cortex S1 and the caudate putamen (CPu) in the sham 342 

implantation group. In contrast, no change in ipsilateral, intra-hemispheric connectivities of the motor 343 

cortex is observed in the stem cell implantation group, but instead rather an intermittent slight increase 344 

is found at week 1, recovering to pre-stroke values again at week 2. 345 

The inter-hemispheric homotopic connectivities of the various sensorimotor network nodes (Fig. 3B) 346 

show a clear decline already in week 1 for the sham implantation group. In the stem cell implantation 347 

group, no such change is observed at week 1, but a slight trend towards decreasing values may be 348 

noted at week 2. 349 

 350 

The contralateral hemisphere during 12 weeks after stroke 351 

In this analysis, the connectivity matrices of the sensorimotor networks are limited to the healthy 352 

hemisphere (Fig. 2B), as the ischemic hemisphere was too strongly affected by beginning atrophy after 353 

week 2 to allow safe coregistration with the anatomic atlas. The situation till week 2 is the subset of 354 

data already presented in Fig. 2A. The global decrease in connectivity strength continues for the sham 355 

implantation group (upper matrix triangle) with its lowest values around week 8, with a slight increase 356 
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at week 12. In the stem cell implantation group (lower matrix triangle), connectivity starts to decrease 357 

more pronouncedly only at week 4 and also reaches a minimum at week 8, similar to the sham group. 358 

At week 12, both groups present indistinguishable connectivity matrices. 359 

A threshold of 15% change or more in the difference between cross correlation values was chosen for 360 

the discrimination of substantial changes in connectivity strength over time. The situation for the inter- 361 

and intra-hemispheric connectivity networks is depicted schematically in Fig. 4 for both treatment 362 

groups. Fig 4A presents the inter-hemispheric network changes and the intra-hemispheric changes of 363 

the ischemic hemisphere during the first two weeks when the ischemic hemisphere could be included 364 

in the analysis. While the inter-hemispheric connectivities decreased by 20% or more after stroke in 365 

the sham group, no change was noted in the stem cell group. Similarly, the ischemic hemisphere 366 

showed several strong decreases during the first two weeks in the sham group, but only decreases from 367 

the S1 cortex in the stem cell group, and only after two weeks. Fig. 4B reflects the intra-hemispheric 368 

changes of the contralateral, healthy hemisphere between pre-stroke and week 2, and between pre-369 

stroke and week 12. Even the contralateral hemisphere was affected by stroke onset, with first 370 

decrease already after two weeks in the sham group. The stem cell group showed no alterations at this 371 

time. Both groups had a strongly reduced (>20%) connectivity network at the end of the observation 372 

period at 12 weeks.   373 

 374 

Functional changes of intra node correlations 375 

When discussing functional changes of inter-node correlation coefficients, it is helpful to discriminate 376 

whether the alterations result from changes of the connection between the nodes or whether the nodes 377 

themselves are affected. We have calculated the intra-node correlation coefficient for all nodes of the 378 

sensorimotor networks, normalized to the pre-stroke values for better analysis of changes during the 379 

ischemic period. Fig. 5 presents the intra-node correlation coefficients of the sensorimotor networks; 380 

on the left, the ischemic hemisphere is depicted for the first two weeks while the changes on 381 

contralateral hemisphere during the 12 weeks are shown on the right diagram.  382 
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In the sham implantation group (Fig. 5A), there is a substantial global decrease of intra-node 383 

correlation to around 60% already during week 1 after stroke induction. During week 2, the 384 

development on the ipsilateral, ischemic hemisphere is rather heterogeneous. The stem cell group (Fig. 385 

5B) has a reduction to around 80% at week 1, with little further reduction at week 2.  386 

The values on the contralateral hemisphere of the sham group remain at or below the 60% level, with a 387 

transient recovery at week 2. In contrast, the values of the stem cell implantation group show only a 388 

minor decrease to around 90% during week 1. From week 2, there is a continuous decrease reaching 389 

approximately 60% at week 12, with closely similar values of the sham group at that time. 390 

 391 

Structural connectivity  392 

Both hemispheres during the first two weeks after stroke 393 

All fibers passing through as well as ending in two selected regions were calculated and compiled in 394 

matrix form, equivalent to the functional connectivity correlation coefficients. The changes in counted 395 

fibers over time were difficult to reliably discriminate in the absolute value matrices. Therefore, in a 396 

first step, fiber count per region was normalized to the region volume, i.e. a voxel-based normalization 397 

was executed, resulting in a local fiber density value. Then, changes between consecutive 398 

measurement time points were displayed as percent change of the fiber density value at the earlier time 399 

point.  400 

Fig. 6 presents the matrices of fiber density changes between all selected regions. The left matrix 401 

column demonstrates the changes from pre-stroke to week 1, the right matrix column gives the 402 

changes from week 1 to week 2. Results of the sham implantation group are shown in the upper matrix 403 

triangle, those of the cell implantation group in the lower matrix triangle. The dominant changes, 404 

marked with white circles and yellow boxes, are comparable in both groups. Many changes marked in 405 

the matrices, but in particular those of the white matter connections, are statistically significant, 406 

typically at 0.005<p<0.05, in some individual cases p<0.005 (not individually listed). During the first 407 

week, a decrease in fiber density between the contralateral sensorimotor cortex and several regions on 408 
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the ipsilateral hemisphere are found (nodes in the matrices depicted in dark blue). During the second 409 

week, most of these apparent decreases normalized again. This apparent fiber reduction must, 410 

however, be assigned to transient diffusion changes caused by some accumulation of vasogenic edema 411 

during the first week. The sensorimotor cortex of the ischemic hemisphere  shows an increased fiber 412 

density connecting with the limb region of the contralateral sensory cortex for both groups (yellow 413 

box). In the cell group, the contralateral limb region of the sensory cortex shows an additional fiber 414 

density increase with various white matter regions on the ischemic hemisphere (lower part of the 415 

yellow box). During both weeks, there is a strong increase in fiber density on the ipsilateral, ischemic 416 

hemisphere between the sensory cortex area and white matter forming the corticospinal tract, the 417 

thalamus and the caudate putamen (white circles). In the sham implantation group, these increases are 418 

more pronounced in the first week, with a smaller further increase during the second week. In the cell 419 

implantation group, the increase in these connections started somewhat later being more pronounced 420 

in the second week. A few time fluctuating nodes were found statistically significant between both 421 

groups, but are not sufficient to conclude a structurally improved outcome for the cell treated group. 422 

Thus, a clear positive effect of the cell implantation on the structural connectivity (e.g. a higher fiber 423 

density) cannot be stated. 424 

The mean quantitative anisotropy (QA) values following stroke induction show a similar trend of 425 

temporal behavior for both groups and all regions, and independent of the hemisphere. The situation 426 

for the contralateral hemisphere is shown for the whole observation period of 12 weeks in Fig. 7. All 427 

values statistically decrease (p<0.001) below the baseline value in the first week for both groups. The 428 

first drop is most pronounced in all white matter tissue regions. The values show a continuous rise 429 

again from the second week on. For the white matter regions, these changes remain statistically 430 

significant between consecutive time points (all < 0.03 or better). Most values have recovered close to 431 

baseline for both groups at the end of the observation period at week 12, but the values of the cerebral 432 

peduncle and the anterior commissure remain lowered. Comparison between the pre-stroke values and 433 

those at week 12 result in statistical significance for the white matter regions ( <0.016 or better for 434 

Sham group; <0.001 for Cell group).  435 
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 436 

The contralateral hemisphere during 12 weeks after stroke 437 

The changes in fiber density on the contralateral hemisphere during the whole 12 week observation 438 

period are presented in Fig. 6B. During the first four weeks, mainly the sensory cortex areas (S1 limbs; 439 

S1 without limbs; S2) show a fiber density increase with white matter regions (except corpus callosum 440 

and fimbria), the thalamus and the caudate putamen. This pronounced fiber density increase of S1 441 

without limbs and of S2 with the white matter regions is strongest at the second week in the sham 442 

implantation group, but delayed in the cell implantation group and appearing only between week 2 and 443 

4 (maximal increases marked by white ellipses). Interestingly, the motor cortex shows a strong fiber 444 

density increase with some white matter tissue regions only between week 8 and 12 (yellow box) in 445 

both groups. 446 

 447 

Cell fate of the graft 448 

The human neural stem cells, H9-NSCs, had been lentivirally transduced to express firefly luciferase 449 

and eGFP under the constitutive promotor EF1 . The ATP- and oxygen-dependent bioluminescence 450 

signal of luciferase was recorded to assess the graft vitality (Fig. 8A). Although there is quite some 451 

variability in absolute signal intensity between the individual mice (grey lines), the group average 452 

signal (red line) clearly indicates a substantial reduction in graft vitality during the first four weeks, 453 

leveling off at four to five weeks and remaining at approximately 30% of baseline intensity directly 454 

after implantation. 455 

Twelve weeks after implantation, intracortically engrafted H9-NSCs show spontaneous differentiation 456 

into neuronal cells. Transgenic NSCs, positive for eGFP, were located within cortical regions and 457 

counterstained with HuNu to identify them as human NSCs (Fig. 8 B-G). Neuronal differentiation was 458 

marked by NeuN staining counterstained with HuNu to discriminate origin of human stem cells. 459 

Several NSCs double-positive for both markers were detected within the graft site indicating neuronal 460 

differentiation of the engrafted NSCs (arrows, Fig 8G). 461 
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DISCUSSION 462 

 463 

We have studied the effect of a cortical stem cell graft on the functional and structural connectivity 464 

during 12 weeks after stroke in the mouse brain. The inter-node and intra-node functional connectivity 465 

strength of the sensorimotor networks after stroke and after cell implantation were analyzed. The 466 

structural changes have been monitored by diffusion anisotropy and the fiber density between pairs of 467 

anatomic nodes. Vitality of the stem cell graft was followed by bioluminescence imaging. To the best 468 

of our knowledge, this is the first study combining a multimodal analysis with the therapeutically 469 

relevant approach of human stem cell implantation after stroke. 470 

Stroke leads to a rapid decrease in functional connectivity strength, largely encompassing the 471 

contralateral, healthy hemisphere, and persisting during 3 months observation. The viable stem cell 472 

graft, implanted two days after stroke induction, can stabilize the functional network, indicating a 473 

paracrine effect of the stem cells. Changes of structural connectivity, dominant in the ipsilateral 474 

connections of the sensorimotor cortex with white matter regions of the corticospinal tract, were 475 

independent of stem cell engraftment. 476 

 477 

Fate of the stem cell graft 478 

Our study design aimed to implant the human neural stem cells in a viable location, adjacent but 479 

outside the cortical lesion. This was secured by selecting the coordinates on the individual T2-480 

weighted MRI scans, recorded directly before implantation. However, in vivo bioluminescence 481 

imaging documented a substantial loss to 20-30% of the original graft 4 weeks after grafting. The 482 

remaining viable fraction showed neuronal differentiation. This is in full agreement with our earlier 483 

cell fate study of the H9-NSC line with in vivo bioluminescence of differentiation-specific reporters in 484 

healthy mouse cortex (Tennstaedt et al., 2015). There, early Doublecortin-specific differentiation was 485 

observed after 5 weeks, while mature neurons with active synaptogenesis were detected after 2-3 486 

months. Our present results show that the surviving stem cells behave like in healthy cortex. This is 487 
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further supported by additional experiments (not shown) where the grafts in the cortex of mice with 488 

only striatal lesion survived completely during the whole observation period. However, after the 489 

implantation in the present study, the ischemic territory in the cortex extended into the location of the 490 

engraftment. In consequence, the graft environment was no longer sufficiently supportive of stem cell 491 

survival.  492 

 493 

Functional connectivity changes 494 

Stroke induced changes 495 

The focal ischemic lesion leads to a massive reduction in the complete sensorimotor functional 496 

connectivity network. Within the first week after stroke, it severely affects even long range inter-497 

hemispheric connections to the healthy, opposite hemisphere. In particular inter-hemispheric 498 

weakening between homotopic nodes of the sensorimotor networks is observed. This is in good 499 

agreement with several clinical studies reporting a close correlation of the inter-hemispheric functional 500 

connectivity decrease of the motor cortices with clinical scores for functional deficits (Carter et al., 501 

2010; Park et al., 2011; Xu et al., 2014; Volz et al., 2016). Intra-hemispheric sensorimotor networks of 502 

the healthy hemisphere are only slightly decreased at the beginning, but several connections of the 503 

network continue to weaken during the following 12 weeks; functional network decrease was 504 

strongest on the ipsilateral, ischemic hemisphere. Bauer et al. reported severe inter-hemispheric, 505 

homotopic functional connectivity decrease at three days after stroke in the mouse cortex, in 506 

agreement with our findings at 1 week after stroke (Bauer et al., 2014). Van Meer and colleagues 507 

reported a pronounced inter-hemispheric, homotopic functional connectivity decrease in the rat brain 508 

lasting for 10 weeks (van Meer et al., 2010a; van Meer et al., 2012) for large cortico-striatal ischemic 509 

lesions, comparable to our present stroke extent in the mouse. Also in agreement with our present 510 

findings, those authors described a reduction of the intra-node connectivity strength of the ipsilateral 511 

hemisphere (van Meer et al., 2012), while, different from our findings in the mouse, the intra-node 512 

connectivity strength of the opposite hemisphere remained unaffected. This difference to our present 513 

report may result because van Meer and colleagues conducted only a general analysis of the averaged 514 
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entire sensorimotor network (van Meer et al., 2012), while our data are detailed for individual nodes of 515 

the sensorimotor network. Furthermore, their lack of clear change of the contralesional functional 516 

intra-node strength may be due to a weaker response of the more robust rats to the stroke, thus 517 

reducing the far-range functional deficits.  518 

The substantial decrease of 20-40% of the intra-node connectivity strength indicates that changes in 519 

the connection between the nodes, but also within the nodes themselves, are responsible for the 520 

substantial weakening of the functional sensorimotor networks. 521 

 522 

Modulation by stem cell graft 523 

The implantation of the human neural stem cells into the ipsilateral cortex induces an early 524 

stabilization of the functional sensorimotor network, directly at week 1. The ischemic hemisphere 525 

shows no network weakening and also the inter-hemispheric connections (with the exception of a 526 

weak decrease of the thalamic connections) remain unaltered from the pre-stroke situation. The stem 527 

cell graft also has a stabilizing effect on the intra-seed functional strength, showing only a slight trend 528 

to smaller values. 529 

This stabilization of the functional networks by the stem cell engraftment is, however, only transient 530 

and decreases in parallel with the loss of the graft vitality. Thus, at week 2 already, a slight decrease is 531 

noted at some network connections in the ischemic hemisphere. At later times, also the network on the 532 

contralateral hemisphere is affected, and after week 4, the situation of the stem cell group is 533 

approximating the weakened functional networks of the sham implantation group. Our data shows that 534 

a vital stem cell graft can stabilize the functional network.  535 

A further important note is the early time point of the network stabilization by the graft. We have 536 

demonstrated in our recent in vivo cell fate study (Tennstaedt et al., 2015) that it takes neural stem 537 

cells more than six weeks to become mature neurons under in vivo conditions. Further studies by us 538 

and by others have shown extensive innervation by the host tissue of the stem cell graft in healthy 539 

(Doerr et al., 2017) and stroke damaged brain (Oki et al., 2012; Tornero et al., 2013). Tornero and 540 
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colleagues  reported afferent and efferent connections of the graft with functional integration and 541 

response to sensory stimuli in ischemic rats (Tornero et al., 2017). But all these graft integration 542 

results were obtained only three or more months after implantation. For the presently observed 543 

stabilization of the functional sensorimotor network already a few days after engraftment, the cells 544 

have not differentiated into mature neurons yet. Thus, the network stabilization points to a paracrine 545 

effect of the neural stem cells secreting growth factors and cytokines. Our interpretation of the stem 546 

cells acting via paracrine effect is completely in line with a recent study (Bacigaluppi et al., 2016) 547 

discussing modification of the excitatory-inhibitory balance caused by the paracrine effect of NPCs 548 

transplanted 3 days after stroke in mice, and reflects the growing  consensus that the therapeutic value 549 

of stem cells for stroke lies in their growth factor- and immunomodulation-mediated neuroprotective 550 

potential (Guzman, 2009; Janowski et al., 2015). 551 

 552 

Structural connectivity changes 553 

Only few substantial decreases in structural connectivity strength were observed. These are 554 

pronounced between the contralesional sensorimotor cortex and several ipsilesional white matter 555 

regions of the corticospinal tract (CST). The distinct changes in structural networks following stroke 556 

are  increases in fiber density, specifically in the ipsilateral hemisphere encompassing sensorimotor 557 

cortex and  CST.  This is supported by Reitmeir et al. reporting a substantial axonal sprouting  in the 558 

CST after stroke in the mouse (Reitmeir et al., 2011). Further, the contralateral S1 has shown 559 

increased connection density to the ipsilateral, ischemic sensorimotor cortex. Interestingly, a delayed 560 

increased fiber density between the motor cortex and white matter regions, the peduncle, the fornix, 561 

and the anterior commissure, is seen on the contralateral hemisphere, only during the third month. Van 562 

Meer et al. described structural changes in ischemic rats based only on  anisotropy values of diffusion-563 

weighted MRI (van Meer et al., 2010b; van Meer et al., 2012). Here, we applied Q-ball imaging  to 564 

determine fiber density changes and thereby to obtain a more detailed view on long-range structural 565 

changes.  566 
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The structural network changes appear to be primarily induced by the ischemic event. The engraftment 567 

of the stem cells has no substantial modulatory effect on the structural networks,  in the time window 568 

of lasting graft vitality. However, we cannot exclude that the paracrine effect does act also on the 569 

structural connectivity but with a time profile quite different from the one observed for the functional 570 

connectivity. The difference in response to the engraftment  underlines the need to collect information 571 

on both structural and functional networks , as both networks may well be decoupled from each other 572 

in their response to a pathophysiological event. They will then rather explain complementary aspects, 573 

deciphering only, when combined, a full picture of the network changes affected by the 574 

pathophysiological processes. 575 

The weakening of the functional networks, as discussed above, is not due primarily to structural 576 

damage between nodes but must rather be explained by a lack of persistent electrical synchronicity 577 

associated with a decrease of communication between the affected nodes. These findings also lead us 578 

to conclude that under condition of stroke, there is an apparent decoupling between structural and 579 

functional networks: findings of weakened or even defective functional connectivity cannot 580 

straightforward be explained by structural connectivity damages. 581 

Structural and functional network changes influence recovery chances and quality of improvement. 582 

However, comparison of the present functional and structural connectivities with behavioral studies 583 

was beyond the scope of the present investigation and will await future studies. 584 

 585 

CONCLUSIONS 586 

Using state-of-the-art MR imaging we have assessed in great detail for the first time the combination 587 

of functional and structural sensorimotor network changes following stroke and after stem cell 588 

implantation. Wide-range weakening of the functional networks follows after stroke induction, 589 

extending into the contralesional hemisphere and persisting for three months. Intra-cortical 590 

implantation of human neural stem cells leads to an early stabilization of the functional networks, but 591 

requires continuing graft vitality for endurance. This stem cell-mediated stabilization of functional 592 
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networks is interpreted as a paracrine effect, while cell replacement is excluded as origin. Major 593 

structural network changes are independent of stem cell engraftment and reflect early fiber density 594 

increases between ipsilesional sensorimotor cortex areas and white matter regions forming the cortico-595 

spinal tract. The outcome of the structural and functional analysis does not provide a direct correlation 596 

of time profiles. 597 

Future investigations will further assess the underlying mechanisms of the long-term functional 598 

network stabilization and functional improvement under conditions of preserved stem cell graft 599 

vitality. 600 

 601 
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FIGURE LEGENDS 612 

Figure1: 613 

Characterization  of the ischemic territory extent and lesion severity in both animal groups. A) The 614 

lesion territory is presented by the QA values of the Q-ball diffusion MRI data, indicating the 615 

pathological change of diffusion anisotropy and thereby reflecting the ischemic lesion territory. From 616 

the individual maps of the animals, incidence maps were calculated to determine the homogeneity of 617 

the lesion expansion within each group. B) The neurological deficit score was monitored during the 618 

first two weeks after stroke induction to ascertain that the lesion severity is equal in both animal 619 

groups. 620 

 621 

Figure 2: 622 

Cross-correlation z-score matrices of sensorimotor functional connectivity.  A) Z-score matrices of the 623 

whole mouse brain sensorimotor networks before (pre-stroke) and one as well as two weeks after 624 

stroke induction. Directly after stroke induction, the correlation strengths are decreased in the sham 625 

group (upper matrix triangle). The effect is strongest for the ipsilateral (right) hemisphere. In animals 626 

with stroke and stem cell implantation  into the cortex adjacent to the ischemic lesion (cell group; 627 

lower matrix triangle), no reduction in the functional network is observed, but it is stabilized with 628 

slight increases above pre-stroke in week 1 after stroke. B) Z-score matrices of the sensorimotor 629 

networks on the contralateral hemisphere during the whole 12 weeks observation. Here, similar to the 630 

ischemic hemisphere, but less pronounced, the sham group shows a connectivity decrease 631 

continuously more severe during the 12 weeks observation. The lowest point is reached at week 8. In 632 

the stem cell implantation group the implantation stabilizes the connectivity strength still at week 2. 633 

Then, the functional connectivity continually decreases, approximating the lower value matrices of the 634 

sham implantation group between week 8 and 12. Abbreviations: “l” prefix: left hemisphere; “r” 635 

prefix: right hemisphere; M1/M2: primary/secondary motor cortex; S1 w/o limbs: S1 somatosensory 636 
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cortex without limb representation area; S1 limbs: limb representation area of the S1 somatosensory 637 

cortex; S2: secondary somatosensory cortex; Th: thalamus; CPu: caudate putamen. 638 

 639 

Figure 3: 640 

Z-score values of various connectivities between both hemispheres before and during the first two 641 

weeks following stroke induction. In A) connectivities within the ischemic hemisphere are presented. 642 

B) Inter-hemispheric connectivities between homotopic nodes of both hemispheres are shown before 643 

and during the first two weeks following stroke. Error bars indicate standard deviation (SD). None of 644 

the temporal comparisons was found statistically significant. 645 

 646 

Figure 4: 647 

Schematic of the inter- and intra-hemispheric functional connectivity changes of the sensorimotor 648 

networks. A) Inter-hemispheric connectivity changes are very pronounced in the sham implantation 649 

group, while in the cell implantation group, all inter-hemispheric connectivities remain unchanged, 650 

with the exception of a small decrease of the inter-thalamic connections. The ipsilesional intra-651 

hemispheric functional networks are severely affected in the sham implantation group but show very 652 

little and only small changes in the stem cell implantation group. B) The contralesional intra-653 

hemispheric functional connectivity changes show a continuously increasing weakening effect for the 654 

sham implantation group over the 12 weeks observation. In the stem cell implantation group, there is a 655 

stable situation during the first two weeks with almost no changes, followed by a delayed decrease 656 

towards the end of the observation period at 12 weeks post stroke. Thicker connecting lines reflect 657 

increasing intensity of change with z-score values differing >> 15%. For abbreviations see Fig. 2. 658 

 659 

Figure 5: 660 
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Intra-node connectivity strength of the nodes of the sensorimotor network. Values of all individual 661 

sensorimotor nodes were normalized to their corresponding pre-stroke values. A) Values of the sham 662 

group show a strong decrease to 60% or less on the ischemic hemisphere during the first week. On the 663 

contralateral hemisphere, there is only a marginal further decrease after the first week of stroke. B) 664 

With 80%, the z-score reduction of the stem cell group is much less during the first week on the 665 

ischemic hemisphere. On the contralateral hemisphere, the stem cell group values start with approx. 666 

90% to almost 100% of pre-stroke values during the first week after stroke, followed by slow further 667 

decrease to approx. 60% at week 12, being still slightly higher than the sham group at that time point. . 668 

Error bars indicate standard deviation (SD). None of the temporal comparisons was found statistically 669 

significant. For abbreviations see Fig. 2. 670 

 671 

Figure 6: 672 

Fiber tract density changes in the ischemic mouse brain after cortical stem cell grafting. Matrices 673 

represent the voxel size-normalized, percentage difference for two consecutive time points of fiber 674 

counts passing through or ending in two nodes. A) Whole brain analysis with the difference between 675 

the baseline measurement and the first week after stroke (left column), and between the second week 676 

and the first week (right column). The dominant increases in fiber densities between the two respective 677 

time points are between the somatosensory cortex and white matter regions forming the corticospinal 678 

tract (white circles). The marked regions are the same for both groups (upper matrix triangle: sham 679 

group; lower matrix triangle: stem cell group) but the highest fiber density increase occurs earlier in 680 

the sham implantation group (week 1) than the stem cell implantation group (week 2). Additionally, 681 

both groups show a fiber density increase between the contralesional motor cortex and several white 682 

matter regions (yellow box). B) Analysis of the contralesional hemisphere during the whole 12 week 683 

period. Represented are the differences in fiber density between two sequential measurement time 684 

points after stroke as indicated. Again, as for the bihemispheric analysis of the first two weeks, most 685 

pronounced fiber density increases are noted in the somatosensory cortex areas with various white 686 

matter regions (white ellipses). Delayed between week 8 and week 12, the motor cortex shows a fiber 687 
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increase to white matter regions (yellow box). No structural difference, but temporal delay in 688 

occurrence of the ellipses is noted between the two groups. Abbreviations: “l” prefix: left hemisphere; 689 

“r” prefix: right hemisphere; M1/M2: primary/secondary motor cortex; S1 w/o limbs: S1 690 

somatosensory cortex without limb representation area; S1 limbs: limb representation area of the S1 691 

somatosensory cortex; S2: secondary somatosensory cortex; Th: thalamus; CPu: caudate putamen; cp: 692 

cerebral peduncle; cc: corpus callosum; ic: internal capsule, ac: anterior commissure. 693 

 694 

Figure 7 695 

QA values of nodes from the sensorimotor networks on the contralateral hemisphere during the full 12 696 

week observation period. The QA values were determined from the Q-ball diffusion MRI data. . Error 697 

bars indicate standard deviation (SD). Statistical significance was found for all ROIs between pre-698 

stroke and week 1 (p<0.001). For later consecutive time points, white matter ROIs showed a statistical 699 

significance with p<0.016 or better. 700 

 701 

 702 

Figure 8: 703 

Characterization of the stem cell graft. A) Vitality of the graft over time was determined from  in vivo 704 

bioluminescence imaging. Total photon flux shows an intensity decrease over time for all individual 705 

animals (grey lines). Values were only included in the analysis from week 2 on, as earlier values were 706 

considered unreliable due to incompletely recovered scalp after grafting. After week 4, the loss of 707 

viable stem cells of the total graft becomes severe as best recognized in the group average curve (red 708 

line). After week 4, viability of the graft is reduced to approximately 30% of the original graft and 709 

remains at this lower level for the further 8 weeks. B-G) Immunohistochemical staining of the 710 

engrafted NSCs shows spontaneous differentiation into neuronal cells. Transgenic NSCs positive for 711 

eGFP were located within cortical regions and show nuclear as well as cytoplasmic eGFP expression 712 
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including neuronal-like processes (B-D). To prove neuronal differentiation of the engrafted human 713 

NSCs, sections were stained for the neuronal marker NeuN (E) and the human cell marker HuNu (F). 714 

Several NSC double-positive for both markers were detected within the graft side indicating a 715 

neuronal differentiation of the engrafted NSCs (arrows, G). Broken lines represent the border between 716 

cell graft and host tissue. Scale bars are indicated for each microscopic image. 717 

  718 
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