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Abstract

Brain lesions caused by cerebral ischemia or hemorrhage lead to a local breakdown of energy homeostasis followed by irrevers-

ible cell death and long-term impairment. Importantly, local brain lesions also generate remote functional and structural distur-

bances, which contribute to the behavioral deficit but also impact the recovery of function. While spontaneous recovery has been

associated with endogenous repair mechanisms at the vascular, neural, and immune cell levels, the impact of structural plasticity

on sensory-motor dysfunction and recovery thereof remains to be elucidated by longitudinal imaging in a mouse model. Here, we

applied behavioral assessments, in vivo fiber tracking, and histological validation in a photothrombotic stroke mouse model.

Atlas-based whole-brain structural connectivity analysis and ex vivo histology revealed secondary neurodegeneration in the

ipsilesional brain areas, mostly in the dorsal sensorimotor area of the thalamus. Furthermore, we describe for the first time a lesion

size-dependent increase in structural connectivity between the contralesional primary motor cortex and thalamus with the

ipsilesional cortex. The involvement of the contralesional hemisphere was associated with improved functional recovery relative

to lesion size. This study highlights the importance of in vivo fiber tracking and the role of the contralesional hemisphere during

spontaneous functional improvement as a potential novel stroke biomarker and therapeutic targets.
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Introduction

Stroke is a leading cause of death and disability worldwide

with to date limited treatment options both in the acute and

chronic phase [1]. Previously, the majority of experimental

studies investigated the pathophysiology of stroke, and poten-

tial treatments focused on neuroprotection with infarct size as

a final readout. However, none of these studies was translated

successfully into the clinic [2] resulting in an increasing inter-

est of the neural processes supporting recovery of function. In

stroke patients, the relationship between lesion location, size,

and functional recovery remains controversial and challenging

to compare across studies [3, 4]. The lesion location within a

particular brain network and the extent of damage to ascend-

ing or descending pathways all contribute to the stroke-

induced deficit and are likely related to the long-term outcome

[5, 6]. In animal models, structural plasticity in the regions

close to the ischemic lesion as well as homotopic areas of

the contralesional hemisphere have been assessed mostly by

histological studies of axonal sprouting and in vivo two-

photon microscopy of dendritic spine dynamics [7, 8]. In stark

contrast to investigations of recovery of function in humans in

experimental stroke models, remote changes after ischemic

infarcts, such as secondary neurodegeneration, and their func-

tional significance remains understudied [9, 10].

Changes in structural connectivity can be assessed using

diffusion-weighted MRI (DWI) and T2-weighted MRI
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(T2WI), which detect the evolving injury and the presence or

absence of edema, respectively [11]. DWI is sensitive to water

movements dependent on tissue type, integrity, and presence

of barriers. Diffusion tensor imaging (DTI) is a specific anal-

ysis scheme that allows to measure diffusion along multiple

orientations and to infer the three-dimensional displacement

of tissue water. White matter damage measured by DTI has

been correlated with brain recovery in human and animal

studies [12, 13]. However, there have been only single appli-

cations of in vivo DTI and in vivo fiber tracking in animal

models of stroke with no conclusive correlation to neither the

behavioral deficit nor the outcome [14, 15]. Here, we hypoth-

esized that depending on the stroke size and location, different

structurally connected but remote regions undergo secondary

neurodegeneration and that distant but functionally connected

brain regions are involved in spontaneous recovery of func-

tion. We present longitudinal in vivo fiber tracking data over

4 weeks frommice with local cortical brain lesions of different

sizes. An atlas-based post-processing regime was applied to

study DTI-based structural connectivity changes in ipsi- and

contralesional cortical and subcortical fiber tracts.

Spontaneous recovery was measured by a combination of be-

havior tests and correlated with the lesion and changes in fiber

density.

Results

Characterization of Lesion Size

By applying two different protocols of photothrombosis, is-

chemic cortical lesions of different sizes and locations were

induced in adult C57Bl/6J mice. The lesion size and location

were determined by T2-weightedMRI (T2WI) at 1 and 7 days

post stroke. A 3D strokemaskwas used to calculate individual

stroke volumes. The lesion size and location at 4 weeks post

stroke were quantitatively validated by immunohistochemis-

try of GFAP related to astrogliosis and the glial scar. The MRI

and microscopy data were co-registered with a mouse brain

atlas with MRI-voxel size-adjusted parental brain regions de-

rived from the Allen Brain Reference Atlas (ARA) [16]. Two

distinct stroke groups were defined based on the lesion loca-

tion and size: one group with small (Fig. 1a–c) and one group

with large (Fig. 1d–f) lesions.

Quantitative lesion mapping (Fig. 1g, complete list in

Supplementary Material, Fig. 1a) and t test comparison re-

vealed that in the small strokes group, the ischemic lesion

was less frontal. Besides, specific brain regions were less often

affected compared with the large strokes group (p = 0.013).

From day one to seven, in the small strokes group, the number

of brain regions affected was significantly smaller (p = 0.028).

Specific brain regions such as the dorsal region of the striatum

(STRd) and the anterior cingulate area (ACG) were inside the

stroke mask at both time points in the large stroke group only.

Compared with the brain regions marked as ischemic territory

by histology at 4 weeks post stroke, in both groups, the num-

ber of affected brain regions was significantly reduced

(p < 0.001). However, the initial difference between the

groups in terms of how often a specific brain region was af-

fected was no longer present at 4 weeks post stroke

(p > 0.999). Between days one and seven, the overall MRI

lesion volume was reduced by a factor of 1.7 in the large

compared with 4.3 in the small strokes group (p = 0.004 and

p < 0.001). The T2WI volume was significantly different at

both evaluated time points, days one and seven, between the

small and large strokes groups (p = 0.002 and p < 0.001). In

line with the MRI, at 4 weeks post stroke, the lesion area

determined with GFAP immunohistochemistry was 2.5 times

larger in the large compared with the small strokes group

(p < 0.001) (Fig. 1h). There was a strong correlation between

the lesion sizes determined by MRI and histology

(Supplementary Material, Fig. 1b). Not only the T2WI lesion

size at day one was a reliable indicator of the final lesion size

at day 28, but it was also possible to separate two groups

according to the lesion size by hierarchical clustering. For

the lesion size, the inter-cluster distance was 25 while the

intra-cluster distance was below 2.5 (Ward-linkage). These

two groups resemble precisely the two experimental groups

of mice which received the different photothrombotic proto-

cols, which underlines the non-arbitrary categorization into

small and large strokes. For selected gray and white matter

regions (cc, SSp-un/ul/ll, MOs, and MOp), we further quanti-

fied the percentage of infarct area per region to account for the

fact that not the entire regions were covered by the ischemic

lesion (Fig. 1h). Similar to the overall lesion size, the final

percentage of infarct area covered in the MOp at 4 weeks post

stroke was predicted by MRI at days one and seven, respec-

tively (Supplementary Material, Fig. 1c). While in the small

strokes group, the lesion part for all selected cortical regions

decreased from days one to seven significantly (all p < 0.01);

the large strokes decreased in space only close to the SSp_un

(p = 0.019). Furthermore, inMOs andMOp, the percentage of

infarct area was significantly different between small and large

strokes on days 1 and 7, respectively. For example, the affect-

ed part of the MOp at day 7 was 2.47 ± 2.54% in the small

strokes and 77.30 ± 13.57% in the large strokes (p < 0.001).

The T2WI lesion volume and the number of affected brain

regions were reduced within the first week (Fig. 1i, g). The

consolidation of the lesion was expressed as the slope between

the stroke-affected brain area percentage at days 1 and 7

(Supplementary Material, Fig. 1d). Notably, the slope was

different for the motor areas only (MOs: p = 0.009 and

MOp: p = 0.003). In the chronic phase, i.e., 4 weeks after

stroke, the lesion was consolidated in SSp_ul, MOs, and

MOp with a preference for the MOp over SSp_ul (p =

0.036). Likewise, between the groups, there was only a
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significant difference in the percentage of infarct area per

MOp region (p = 0.008) with 22.49 ± 16.97% for small and

71.09 ± 5.89% for large strokes, respectively (Fig. 1j). Inside

the lesion mask, determined on the basis of the T2WI, the

clinically-relevant diffusion measures molecular diffusion rate

(MD), radial diffusivity (RD), and axial diffusivity (AD) were

significantly different between the two groups only in the

subacute phase at day 7 (p = 0.003, p = 0.030, p = 0.009) but

not at later time points (Supplementary Material, Fig. 1e). The

diffusion measure of axonal injury, i.e., AD, significantly

Fig. 1 Quantification of lesion size and location for the two stroke

protocols aiming for small (blue) and large (red) infarct, respectively, in

the somatosensory and motor cortex. a, d Individual stroke masks based

on T2WI were averaged across all mice and plotted as incidence maps

and overlay with the Allen Mouse Brain Reference Atlas (ARA). Image

sections selected to show the maximal extent of ischemic injury at day 1

and 7 after photothrombosis resulting in small (a) and large (d) strokes. b,

eAmulti-step registration of the ARAwith the T2WI achieved a detailed

atlas-based lesion analysis was achieved by amulti-step registration of the

ARA with the T2WI. Less brain distortion due to the space occupying

effect of the lesion (red area) was visible in small (c) compared with large

strokes (f). c, f A landmark-based registration was used to register select-

ed ARA plates with stitched whole mouse brain section histology (GFAP,

red; DAPI, blue; scale bar 1 mm) shown here as an overlay with atlas

labels for the small (c) and large (f) strokes groups. g Lesion mapping

from in vivo and ex vivo imaging summarized as heat maps for small

(blue) and large (red) strokes, where the color code indicates the percent-

age of mice in which a specific brain atlas label was inside the stroke

mask at days 1/7 (MRI) and 28* (histology), selected regions only, for the

full list see Supplementary Material Fig. 1a. h Calculation of percent

infarct per selected brain region corpus callosum (cc), primary somato-

sensory unassigned (un)/upper limb (ul)/lower limb (ll), and primary and

secondary motor area (MOs andMOp). iQuantitative lesion size analysis

based on the T2-weighted MRI (left y-axis) and GFAP histology (right y-

axis), respectively. j Calculation of percent infarct per selected brain re-

gion based on histology for GFAP. Significant differences between the

groups at the same time points (*) and at different time points (#) are

shown as */#p ≤ 0.05, **/##p ≤ 0.01, and ***/###p ≤ 0.001, respectively
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increased over time without any difference between the

groups (p < 0.001) while RD did not change at all.

Membrane density and microstructural integrity as reflected

in MD and fractional anisotropy (FA) diffusion measures in-

creased from within the first week in the small strokes group

(p = 0.001 and p = 0.004) only and not the large strokes group.

From days 7 to 28, MD and FA increased in both groups

(p < 0.001) until a similar level was reached.

Lesion Size-Dependent Functional Deficit
and Recovery

We assessed the sensorimotor skills before and after stroke

using the following behavioral tests for the assessment of mo-

tor performance: rotating beam, cylinder, and grid walk,

which probe spontaneous and voluntary locomotion, motor

coordination, and grasping. Except for early time after stroke,

mouse behavior and recovery after stroke were not different

between groups based on the general measures of bodyweight

and neurological deficit score, as well the less specific, and

thus less sensitive analysis of paw touch (cylinder test) and

speed and distance (rotating beam test). For example, the

number of touches with the affected paw was different be-

tween the groups only at day 3 (p = 0.033) (Supplementary

Material, Fig. 2). In contrast, in the more sensitive measures of

hindlimb drop while walking over the beam, paw drags on the

cylinder wall and foot faults on the grid (Fig. 2), the mice with

the large strokes performed significantly worse early after

stroke (day 3, p < 0.001). The stark differences in sensorimo-

tor behavior were detected until day 14 (grid walk, p = 0.018)

or 21 (rotating beam p = 0.023 and cylinder test p = 0.022).

Importantly, in contrast to the lesion size that remained differ-

ent between small and large strokes, we detected no

significant differences in terms of sensorimotor behavior be-

tween the groups at 4 weeks after stroke in all measures.

We further correlated lesion size and location with the be-

havioral deficit at day three as well the functional outcome at

day 28 (Supplementary Material Table 1). The initial lesion

size and the percentage of stroke-affected MOp, measured by

MRI at day one after stroke, were correlated with the number

of foot faults and hindlimb drops measured at day three after

(p = 0.033/p = 0.043 and p = 0.023 and p = 0.010) but not

4 weeks after stroke. However, a large behavioral deficit re-

lated to a high number of foot faults or hindlimb drops at day

three was positively correlated with a large remaining stroke

lesion at day 28 (p = 0.001/p = 0.002). That correlation was

independent of the percentage of affected MOp at day 28.

Secondary Neurodegeneration and Reduced
Structural Connectivity in Ipsilesional Thalamus

For the region-based analysis of whole-brain DTI connectivity

data, anatomical connections described in the Allen Mouse

Brain Connectivity Atlas were used as a reference. The sham

animals served as control mice for which the reliability of DTI

was verified by existing viral tracing [17]. All DTI data were

positively correlated to the sensory-motor cortex-related part

of the thalamus (DORSm) viral tracing data with a mean co-

variance c = 0.016 ± 0.004 and a mean linear correlation coef-

ficient ρ (rho) = 0.430 ± 0.079 with p = 0.011. Ranked accord-

ing to the largest viral projection density (which is in the

injection zone of the DORsm) and the fiber density of the

DTI (which is the DORsm itself), the two completely different

measures result in a very similar distribution of connected

regions (Supplementary Material Fig. 3).

We selected the ipsilesional thalamocortical pathway (Fig.

3a) with efferent connections from the two functional main

Fig. 2 Stroke lesion size determines initial sensorimotor deficit but not

recovery level in three different behavioral tests. a Number of hindlimb

drops recorded for a walking task in which the mouse walks over a

rotating beam towards the homecage on a platform. b Number of paw

drags calculated as percentage per touch with the affected paw at the

cylinder wall. c Number of foot faults with the affected paw calculated

as percentage per total number of footsteps. Data in graphs are shown as

mean ± sem. Significant differences between the groups at the same time

points shown as *p ≤ 0.05, **p ≤ 0.01, and ***p ≤ 0.001, respectively
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components of the thalamus (according to the ARA ontology),

DORsm, and the polymodal association related part of the

thalamus (DORpm). The five top-level cortical target areas

(MOp, MOs, SS-ll, SS-ul, SSs) were selected based on a cal-

culation of the average viral tracing projection density from all

experiments targeting the DORsm and DORpm area used for

the ARA connectivity atlas [17]. The DORsm (Fig. 3b) and

DORpm (Fig. 3c) showed a different development in the dif-

fusion measure, radial diffusivity (RD), over time. Significant

differences compared with the control group (see “Material

and Methods” section about the MRI control group) were

detected only for the DORsm and for the large strokes where

RD values decreased on day 3 (p = 0.035) and increased

above control level on day 28 (p = 0.020). A significant dif-

ference between the small and large strokes group was detect-

ed for the DORsm only (p = 0.008). The analysis of integrated

signal intensity (ipsilesional normalized to contralesional) on

T2WI for the registered DORsm and DORpm regions

revealed a significant difference for the small vs. large strokes

in the DORsm only (p = 0.023), which is a sign of the accu-

mulation of iron (Fig. 3d). In this line, homologous brain

sections at the thalamic level were stained for GFAP

(astrogliosis) and Iba1 (microglia and macrophage activa-

tion/accumulation) (Fig. 3e). In the large strokes group, the

number of GFAP+ and Iba1+ cells was increased in the

DORsm but not the DORpm compared with the small strokes

(p < 0.001 and p = 0.001). We concluded that the secondary

neurodegeneration is mainly present in the DORsm part of the

thalamus and therefore continued with the fiber tracking anal-

ysis of DORsm to the cortex. In line with the initially observed

increase in RD in the large strokes and a separation of RD

between small and large strokes at 4 weeks post stroke, we

detected a reduced fiber density for thalamocortical connec-

tions in the large strokes compared with small and control

group (Fig. 3f). Quantitative fiber tracking comparison of

the acute (day 1) and chronic (day 28) phase after stroke

Fig. 3 Lesion size-dependent secondary degeneration of thalamocortical

fiber tracts. a Schematic drawing for the selected thalamocortical fiber

tracts between the sensory-motor cortex (MOp, MOs, SSp-ll/−ul, and

SSs), the related parts of the thalamus: DORsm and DORpm. b–c

Longitudinal diffusion measures for the DORsm and DORpm region

expressed as radial diffusivity (RD) [(ipsi-contra)/contra × 100%] for

the large (red) and small (blue) strokes groups, respectively, and control

values (gray). d Integrated density (which is the ratio ipsilateral/

contralateral for the signal intensity normalized to the region size) for

DORsm and DORpm regions on T2WI. e Counting results for Iba1+

and GFAP+ cells in the thalamus. Representative immunofluorescence

microscopy of a coronal section of the thalamus (red, Iba1 immunostain-

ing; blue, DAPI nuclei counterstain, scale bar 500 μm and 50 μm). f

Representative in vivo fiber tracking results for the selected DORsm

thalamocortical tract in controls and small/large strokes at day 28. g

Differences in average transhemispheric connectivity for the selected

contralesional MOp to ipsilesional MOs/MOp/SSp-ll/SSp-ul/SSs cortex

pathway for large/small strokes at day one and 28 compared with control.

Significant differences between the groups are shown as *p ≤ 0.05, **p ≤

0.01, and ***p ≤ 0.001, respectively
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showed a significantly decreased structural connectivity be-

tween the control and the large strokes group (p = 0.023 and

p < 0.001) in the ipsilesional but not the healthy hemisphere

(Fig. 3g). A detailed analysis of the individual ipsilesional

thalamocortical pathways revealed the DORsm to SSp-ul

and SSp-ll to contribute most significantly contributing to

the overall loss in structural connectivity in the large strokes

group (p < 0.001 and p = 0.005). The decreased structural con-

nectivity due to secondary neurodegeneration in the DORSm

to SSp-ll pathway of the large strokes group predicted well the

number of hindlimb drops on the rotating beam at day 28

(R2 = 0.961, p = 0.020).

Increased Structural Connectivity
in the Contralesional Thalamocortical Pathway

We analyzed the s t ruc tura l connec t iv i ty of the

transhemispheric pathway, the contralesional DORsm to the

stroke-affected sensorimotor cortex (Fig. 4a). At 4 weeks post

stroke, qualitative fiber tracking results indicated that in the

small strokes group, fewer fibers remained, while the large

stroke group was similar to the control group (Fig. 4b).

Fractional anisotropy (FA), a diffusion measure of microstruc-

tural integrity, developed differently over time, depending on

the stroke size (at day 28 p = 0.009). While the small strokes

showed no significant change, FAwas significantly reduced in

the large strokes group compared with the controls at day 21

as well as day 28 (p = 0.004 and p = 0.034) (Fig. 4e). Similar

to the findings for the ipsilesional thalamocortical pathways,

the overall transhemispheric thalamocortical connectivity was

decreased for both stroke groups at day 1 (p < 0.001). While

the structural connectivity remained reduced at day 28 in the

small strokes compared with the controls (p < 0.001), it was

increased in the large group (p = 0.023) and back to the level

of control mice (p = 0.496) (Fig. 4f). According to the detailed

analysis of the top 5 transhemispheric thalamocortical targets,

the connectivity of several pathways was decreased at 1 day

post stroke compared with control (e.g., SSp-ul and SSs).

Importantly, only the DORsm to SSp-ul pathway was signif-

icantly increased in the large stroke group (p = 0.040).

Increased Structural Connectivity
Between Homotopic Cortical Areas

Next to the thalamocortical pathways, we analyzed the

transhemispheric homotopic connectivity of the primary and

secondary sensorimotor cortex regions affected in both stroke

groups (Fig. 4c). The first indication of a differential structural

re-arrangement was found for the MOp regions, which in-

creased stronger in the large strokes group over time (compar-

ison of linear regressions, p = 0.049) (Fig. 4d). The sum of all

fiber tracks from the contralesional MOp to the ipsilesional

MOp,MOs, SSp-ll, SSp-ul, and SSs showed a decrease at day

1 only between the controls and the large strokes group (p =

0.001) but not the small strokes group. Notably,

transhemispheric structural connectivity was significantly in-

creased in the large strokes group from day 1 to 28 (p < 0.001)

back to control levels (p = 0.053) (Fig. 4g, h). The detected

increase was mainly due to higher levels of structural connec-

tivity in MOs and SSp-ll, a region affected by the stroke

throughout the 4-week observation period (p = 0.030).

Discussion

Here, we have characterized the impact of cortical brain le-

sions on the integrity of sensorimotor fiber tracts and sponta-

neous behavioral improvement over 4 weeks in adult mice.

The study was motivated by previous reports about spontane-

ous recovery after stroke, which requires different brain areas

for efficient remodeling, depending on the lesion size. While

small strokes may recruit peri-infarct tissue for functional

remapping, large strokes require unaffected regions at more

distant sites such as the contralesional hemisphere for recov-

ery of function [18]. Furthermore, our focus was on cortical

stroke lesions in the somatosensory and motor areas because

of the large body of evidence of post-stroke plasticity related

to the altered local dendritic spine turnover and axonal

sprouting as well as short-range to long-range inter- and

intracortical connectivity [19–21].

Lesion Size and Location

In order to efficiently compare the lesion size and location, we

applied a detailed atlas registration workflow [22, 23], which

provided unbiased and automated lesion mapping, connectiv-

ity analysis, and histology. For the stroke segmentation, we

used the T2-weighted MRI (T2WI), which according to a

recent meta-analysis, serves as an effective noninvasive as-

sessment of infarct size during the first 2 weeks after the onset

of ischemia [24]. Different to other stroke models, in

photothrombotic stroke, the vasogenic edema which relates

to the strong hyperintense signal on T2WI, was reported to

be quickly resolved during the first 2 weeks after stroke and

replaced by a hypointense cavity [25]. In our experiments, the

clearance of the vasogenic edema was delayed in larger

strokes. The final lesion size was determined using GFAP

immunostaining, an established method in photothrombotic

stroke research, to visualize activated astrocytes surrounding

the necrotic stroke core as glial scar [25, 26]. In order to

challenge the endogenous mechanisms after stroke, we ap-

plied two photothrombotic stroke protocols resulting in a

group of mice with small and large strokes, respectively.

Initially, the two groups were separated by a lesion size factor

of 1.8 and significant larger involvement of the primary and

secondary motor cortex, which increased to a lesion size factor
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of 2.7 at 4 weeks after stroke due to a more persistent lesion

area in the motor cortex of the large strokes group. In summa-

ry, large T2WI lesions with large involvement of the motor

cortex on day 1 correlated with a large deficit but did not

predict reliably the functional outcome. That finding is in line

with the ongoing debate in clinical studies that brain lesion

profiles (which is a combination of size and location) rather

than the absolute lesion size alone correlate with the outcome

[4]. Some studies showed that initial MRI-based lesion size is

negatively correlated with functional outcome [27], and an

outcome surrogate [28] with the limitation that the prognostic

relevance of heterogeneous clinical stroke locations relates to

brain lesions with different types and levels of functional im-

pairment [29]. Instead, in our study, the functional deficit on

day 3 was found to be a strong indication of the lesion size

4 weeks after stroke. However, the chronic lesion size itself

was no indicator of the functional outcome. These results sug-

gest that there is a differential compensatory, or functional

recovery process is initiated in the large compared with the

small strokes group, which masks the detrimental effect of the

larger stroke lesion over time.

Secondary Neurodegeneration

We studied secondary neurodegeneration (SND) as one cru-

cial histopathological mechanism after stroke, which initiates

ongoing cell death selectively in non-ischemic brain areas

with synaptic connections to the primary lesion site and cor-

relates with the functional deficit and outcome [9]. In line with

previous results [30–32], we detected SND based on the in-

creased accumulation of astrogliosis (GFAP+ cells) and

microglia/macrophages (Iba1+ cells) accompanied with more

Fig. 4 Lesion size-dependent increase in connectivity between

contralesional (contra) primary motor cortex and ipsilesional (ipsi) sen-

sorimotor cortex. a Selected thalamocortical fiber tracts between the

sensory-motor cortex (MOp,MOs, SSp-ll, SSp-ul, SSs). The related parts

of the thalamus: DORsm and DORpm. bRepresentative 3D visualization

of fiber tracking results for the controls, small and large strokes groups

(day 28). c Selected contra MOp to ipsi MOp, MOs, SSp-ll, SSp-ul, and

SSs pathway for DTI analysis. d Representative in vivo fiber tracking

results for the selected DORsm thalamocortical tract in controls and

small/large strokes at day 28. Arrows pointing to differences in fiber

density. e Longitudinal measures of FA for the DORsm and DORpm

region [(ipsi-contra)/contra × 100%] for the large (red) and small (blue)

strokes group and control values (gray). f Structural connectivity from

contra DORsm to ipsi MOp,MOs, SSp-ul/ll, and SSs. g Linear regression

analysis for the diffusion measure FA [(ipsi-contra)/contra × 100%] cal-

culated for 5 measurements post stroke. h Differences in average

transhemispheric connectivity for the selected contralesional MOp to

ipsilesional MOs/MOp/SSp-ll/SSp-ul/SSs cortex pathway for large/

small strokes at day one and 28 post stroke compared with control.

Significant differences between the groups are shown as *p ≤ 0.05,

**p ≤ 0.01, and ***p ≤ 0.001, respectively
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iron deposition, which was selective to the DORsm part of the

thalamus incorporating, e.g., the ventroposterior thalamic nu-

cleus (VPN). Besides, the DTI analysis revealed elevated ra-

dial diffusivity, a marker of axonal damage [33], selectively in

large strokes’DORsm but not DORpm at 4 weeks post stroke.

Based on the DTI fiber tracking for the DORsm, we found

SND of thalamocortical tracts in the large strokes group with

the most substantial effect on the upper and lower limp repre-

sentation. However, the large strokes group behavioral out-

come was the same as the small group, pointing towards an

additional effect triggered selectively in more extensive

lesions.

Transhemispheric Plasticity

Post-stroke reorganization of motor representation is relat-

ed to thalamo-cortical loops, a redundant system to inte-

grate sensory and motor signals [34]. In the acute phase

after stroke, rapid changes in sensory processing occur

within the peri-infarct zone, which extend to somatotopic

regions of the unaffected hemisphere related to enhanced

sensory responses [35]. In our studies of the chronic phase

after stroke, we found enhanced transhemispheric

rerouting, indicated by elevated FA levels and structural

connectivity equal to control levels in the larger strokes

only. Increased activation of the unaffected motor cortex,

mediated by disinhibition, and the formation of novel,

atypical connections with the ipsilesional hemisphere

have been implicated in stroke recovery [36, 37]. In our

data set, FA levels in the ipsilesional MOp increased

stronger in the larger strokes accompanied by increased

interhemispheric motor output reaching pre-stroke levels.

Similarly, increased interhemispheric motor cortex con-

nectivity and higher FA in the transcallosal motor fibers

were related in a clinical study to less impairment [38].

Furthermore, it was hypothesized that the lesion volume

and the amount of spared tissue in the ipsilesional hemi-

sphere determine the beneficial or detrimental role of the

contralesional hemisphere [39]. In support of our data,

functional studies have shown that the recruitment of

contralesional cortex depends mainly on whether the pri-

mary motor cortex (M1) was lesioned [40] and the (activ-

ity of the) healthy hemisphere is necessary for recovery

when the lesion involves large parts of the motor area (as

it was the case for the large strokes group) [41, 42]. Taken

together, our results add a new level of corticortical and

thalamocortical network adaption to the previously de-

scribed plasticity changes in ipsilesional pathways and

axonal outgrowth of midline-crossing contralesional

corticospinal fibers [18, 43, 44]. By comparing two dif-

ferent lesion sizes, we provide evidence for an additional

transhemispheric plasticity mechanism of subcortical

areas that contributes in large strokes to spontaneous

functional improvement in large strokes.

Limitations

The major limitations of our study are the sample size and the

type of stroke model. The sample size is relatively small;

however, all mice were scanned longitudinally so that each

mouse served as its own control including a baseline scan

before the stroke. We have used photothrombotic stroke,

which simultaneously disrupts endothelial integrity with a rap-

idly progressing ischemic infarction and cell death in a rela-

tively small cortical volume. Different from other animal

models of stroke, which affect simultaneously cortical and

subcortical areas including a more pronounced penumbra,

however, requires a more invasive surgery such as middle

cerebral artery occlusion [45]. Nevertheless, photothrombosis

is an established model to study small stroke lesions with

comparable size to human stroke in a defined area of interest

[21]. Photothrombotic stroke allowed us to study the dynamic

changes in somatosensory pathways without conflicting addi-

tional lesions in subcortical areas which would also have a

direct effect on these sensorimotor pathways. Notably, the

resulting behavioral deficit is small and only detectable with

fine grade measures. The experimental time window of

4 weeks was selected based on our previous spontaneous re-

covery study in mice and because it corresponds to the highest

period of circuit plasticity in patients (approx. 3 months after

stroke) [46, 47]. However, we cannot exclude that with an

even more detailed kinematic analysis, the behavioral deficit

of large and maybe also small strokes would last beyond the

critical 3 to 4 weeks time point. Furthermore, other tests, such

as skilled reaching combined with an automated kinematic

analysis, could be helpful to discriminate compensation vs.

restitution related to the circuit reorganization.

For the primary readout, the structural connectivity using

in vivo DTI, we have applied a protocol with the highest

spatial resolution described in the literature to date. That was

necessary to achieve registration with the mouse brain atlas

while keeping the influence of interpolation minimal. The

whole-brain DTI connectivity analysis provided structural

networks with a very high correlation to viral tracing experi-

ments [17]. In line with previous studies, which reported a

high correlation of the myelin microstructure to DTI, such as

high FA values linked to high myelin density [48, 49], we

found a strong correlation of fiber tracking of the

thalamocortical network (DORsm to cortex) with viral tracing

data [17]. Notably, such correlation does not imply 3D ana-

tomical correspondence, which could be different as others

reported [50] and would need a more in-depth comparison

of DTI to viral tracing in 3D such as cleared brain tissue

[51]. Likewise, our DTI analysis could not discriminate be-

tween modulation of myelin composition, which is
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remodeling existing pathways to enhance connectivity, the

sprouting of new fiber tracts or an increase in axon diameter

[52]. One potential underlying mechanism, the neuronal

activity-driven myelin plasticity [53], would need additional

studies, e.g., utilizing simultaneous local field potential or

resting-state functional MRI (rs-fMRI) studies [13, 54]. In this

line, we need to stress that DTI contains no directionality, and

the result for the fibers between two selected regions (e.g., the

DORsm and the SSp-ul) did not discriminate how often and

how many regions were passed in between.

Finally, our study is the first to show dynamic changes of

the somato-motor structural connectivity in experimental

stroke. Thus, the results need replication in other stroke

models and multi-center studies. Nevertheless, our data pres-

ent the necessary first step for the development of connectivity

measures as a novel biomarker of functional outcome after

stroke.

Materials and Methods

Experimental Study Design and Animals

Animals were housed in individually ventilated cages under

12 h light/12 h darkness cycle with access to water and food ad

libitum. In total, n = 18 adult C57Bl/6J mice (8–10 weeks old

at the start of the experiments, stock #000664, The Jackson

Laboratory, USA) were used in an exploratory imaging study,

for which only prior knowledge and power analysis for addi-

tional behavioral testing existed (n = 4 mice necessary to dis-

criminate stroke from sham mice). Two different

photothrombotic stroke protocols were applied, and n = 5

mice did not survive the full experimental protocol or needed

to be sacrificed according to the animal protocol score sheet.

Therefore, n = 5 small and n = 4 large strokes as well as n = 4

sham mice were included in the study. From the n = 4 sham

mice MRI data, which were measured repetitively 4 times

(due to technical reasons, not 5 times as per protocol), a con-

trol group was generated for the DTI analysis.

The mice were allocated to experimental groups randomly

and assigned a unique study ID. All experimenters were

blinded against the experimental group (small/large stroke,

sham) during the data recording as well as the primary data

analysis (such as the video evaluation of the behavior tests).

The project and all related experimental data were managed

using an electronic research database [55]. The experimental

design is shown in Supplementary Material, Fig. 4. Animals

were habituated and trained to perform the behavioral tests

three times during the week before the stroke. Three days

before stroke surgery, the baseline behavior was recorded.

After stroke, repetitive behavior tests and MR imaging were

performed at days 1, 3, 7, 14, 21, and 28 followed by animal

perfusion and brain tissue preparation for histology.

Statistics and Data Visualization

All statistical tests and data plotting were performed with Prism

(macOS version 8.2.1, www.graphpad.com). The data is plotted

as box plot (5–95% percentile), bar graph (mean ± sd), and line

graph (mean ± sem). The significance levels are *p < 0.05,

**p< 0.01, and ***p < 0.001. Normality was checked with the

Kolmogorov-Smirnov test in order to decide for parametric or

non-parametric statistical tests. The lesion size and location for

both, MRI and histology, and the iron accumulation were com-

pared using a two-tailed t test—in case of multiple comparisons

corrected using the Holm-Sidak method. The DTI parameters

(FA, RD, AD, and MD) and the behavioral test results (rotating

beam, hindlimb drop, and cylinder test paw drag)were compared

over time per group and between the groups (small strokes, large

strokes, control) using a mixed-effects analysis with Bonferroni

correction for multiple comparisons. A repeated-measures

ANOVAwith Tukey correction was used for the behavioral tests

grid walk, mNDS, and rotating beam (distance/speed). Multiple

comparisons were only reported when the interaction between

the groups and/or over time was significant (p < 0.05). The fiber

tracking results were compared using a Kruskal-Wallis test

followed by a Dunn’s multiple comparison test, and unpaired

groups were compared using the two-tailed Mann-Whitney test.

For the hierarchical cluster analysis using Ward’s method of the

lesion area data, IBMSPSS Statistics (macOS version 25, https://

www.ibm.com/de-de/analytics/spss-statistics-software) was

used.
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