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Abstract: We used a murine model of transient focal cerebral ischemia to study: 1) in vivo DTI long-term temporal evolu-

tion of the apparent diffusion coefficient (ADC) and diffusion fractional anisotropy (FA) at days 4, 10, 15 and 21 after 

stroke 2) ex vivo distribution of a plasticity-related protein (GAP-43) and its relationship with the ex vivo DTI characteris-

tics of the striato-thalamic pathway (21 days).  

All animals recovered motor function. In vivo ADC within the infarct was significantly increased after stroke. In the 

stroke group, GAP-43 expression and FA values were significantly higher in the ipsilateral (IL) striatum and contralateral 

(CL) hippocampus compared to the shams. DTI tractography showed fiber trajectories connecting the CL striatum to the 

stroke region, where increased GAP43 and FA were observed and fiber tracts from the CL striatum terminating in the IL 

hippocampus. 

Our data demonstrate that DTI changes parallel histological remodeling and recovery of function. 

INTRODUCTION 

 Stroke is associated with a spontaneous degree of func-
tional recovery. In the experimental field, different mecha-
nisms have been described depending on plastic reorganiza-
tion of the infarct and peri-infarct areas [1, 2], on axonal 
sprouting [3, 4] and on migration of immature neurons into 
the peri-infarct cortex [5, 6]. Currently, experimental post-
stroke recovery studies are performed using invasive tech-
niques such as tracer labeling [3, 4] and post-mortem histo-
molecular analysis of specific plasticity related proteins like 
GAP-43, a membrane-bound protein found in the axonal 
growth cones of sprouting CNS axons [7-9]. 

 Magnetic Resonance (MR) Diffusion tensor imaging 
(DTI) [10, 11] is a non invasive imaging modality which 
detects the microscopic translational motion of water mole-
cules in tissue, is sensitive to various cellular changes and 
tissue abnormalities and permits the quantitative evaluation 
of gray and white matter pathology. The two most com-
monly used indices of water diffusion in tissue are the mag-
nitude, expressed as the apparent diffusion coefficient 
(ADC) and the directional dependence of diffusion (diffu-
sion anisotropy [12]) , often expressed as the fractional ani-
sotropy (FA) [13]. ADC is affected by the diffusivity of the 
water molecules and by the microstructure of the tissue. FA 
describes the degree of functional anisotropy of the tissue 
which is be influenced by a number of factors including the 
degree of myelination, density, diameter, distribution and 
orientational coherence of the axons as well as the diffusion 
barriers presented by the glia [14]. Therefore, FA provides  
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an indirect maker of the microstructural properties of the 
white matter (WM). ADC, combined with other DTI pa-
rameters like FA, has been shown to stage and predict 
ischemic brain injury over its temporal evolution [15]. DTI 
methodology has recently been used for the characterization 
of micro and macroscopic reorganization in nervous system 
tissues [16]. Its importance is essentially based on the oppor-
tunity to non-invasively understand brain micro-structural 
properties and map cerebral connectivity during health and 
disease states. 

 In vivo DTI of rodent models of cerebral ischemia is 
technically challenging [17], due to the small size of the 
brain and the fact that mice are vulnerable to environmental 
stress and have a low tolerance for extended periods of an-
aesthesia (required for MRI). Moreover, models requiring 
craniotomy or invasive approaches, which disrupt the skull’s 
integrity, are not ideal for rapid acquisition MRI methods 
such as echo planar imaging (EPI) because of the MR image 
artifacts associated with EPI diffusion tensor imaging [18].  

 Conversely, DTI of fixed tissue has the advantage of al-
lowing extremely high spatial resolution, compared to in 
vivo studies, because imaging times can be very long. Fol-
lowing tissue fixation, ADC decreases while the anisotropy 
index remain unchanged [19-21]: therefore, high-resolution 
DTI of fixed tissue can reveal structural details that are not 
evident in the much lower resolution in vivo images [22, 23]. 
In addition, the ability of DTI to detect the direction of white 
matter fiber tracts within the central nervous system (CNS) 
enables the use of fiber tracking algorithms for tract tracing 
and segmentation of the white matter tracts [24, 25].  

 There is growing interest in studying the mechanisms 
that promote brain tissue plasticity after cerebral ischemia 
and in establishing whether these mechanisms could be ex-
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ploited to potentate or accelerate post-stroke recovery. Cur-
rently, a number of pharmacological [26-28] and surgical 
approaches are applied to improve axonal regeneration in 
rodent models of experimental cerebral ischemia. Mouse 
models, in particular, have become important because of the 
increased availability of transgenic strains. Since many of 
these emerging therapies may eventually be used in clinical 
trials, it is important to investigate the use of non invasive 
imaging modalities such as DTI, for detection and charac-
terization of brain tissue plasticity after stroke. 

MATERIALS AND METHODS 

Transient Middle Cerebral Artery Occlusion in the 

Mouse 

 All animal procedures were approved by the Subcommi-
ttee for Research Animal Care of our institution (IACUC). 
Male ICR-CD1 mice (Harlan, Netherlands, 20-34 g) were 
anaesthetized and maintained under 1.5% isoflurane in 0.4 
l/min oxygen and 2 l/min air (gas delivered via a face mask). 
Ischemia was induced by placing an 11mm silicone-coated 
filament (8.0 vicryl) into the common carotid artery and ad-
vancing it into the middle cerebral artery until resistance was 
felt i.e., it was occlusive. The filament was left in place for 
30 minutes. Body temperature was maintained at 37°C± 
0.5°C using a temperature control unit (Frederick Haer and 
Co., Brunswick, Maine, USA). Laser Doppler monitoring 
was not used because of imaging artefacts which would re-
sult from probe implantation into the animal’s scalp. After 
surgery, the surgical site was irrigated with a topical analge-
sic (0.1 ml Marcaine) and the incision was temporarily co-
vered with iodized gauze while the suture was in situ. After 
removal of the suture, the incision was flushed with saline, 
blotted dry, closed with 4.0 suture material and an antibiotic 
cream was applied. During the first 3 days after surgery 0.1 
mg/kg Buprenorphine was injected intramuscularly. If anal-
gesic coverage was necessary thereafter, liquid ibuprofen (2-
3 cc) was added to 1 oz of HydroGel ((gel used to nourish 
and hydrate the animals), Schlotterbeck Foss Company, 
Portland, Maine, USA)). Mice were also treated daily with 
0.2 ml 5% Dextrose injected subcutaneously. Sham operated 
animals were subjected to the same surgical procedures, but 
without filament insertion. 

Neurological Deficit Assessment 

 Neurological deficits were evaluated after recovery on 
the day of surgery and daily for the first 3 days. Thereafter, 
the animals were evaluated before the MRI scan at days 4, 
10, 15 and 21 after stroke, using a simple 4 point rating sys-
tem: no observable deficit 0, failure to extend the forepaw 1, 
circling 2, loss of circling or righting reflex 3. Intermittent 
circling was graded as 1.5 [29, 30].  

Magnetic Resonance Imaging (MRI) 

MR Measurements 

 All MRI experiments were performed on a 4.7T Biospec 
Avance scanner (Bruker BioSpin Corp., Billerica, MA, 
USA) equipped with 40Gauss/cm gradients.  

 For in vivo imaging, animals were positioned prone, and 

a custom built elliptical (2.0x3.0 cm) surface coil was placed 
on top of the head. MRI scans were acquired using a diffu-

sion tensor echo planar imaging (EPI) sequence with the 

following parameters: TE 32ms, TR 5000ms, 2 b=0 images 

and 20 diffusion directions at b=1200s/mm2, 64x64 pixels, 

16mm FOV (300 μm isotropic resolution), 20 contiguous 
0.5mm coronal slices,  15.3,  2.6. Mice were imaged in 

vivo at days 4, 10, 15 and 21 after stroke. MRI was not per-

formed during the acute phase in order to minimize anaes-
thetic stress and obtain a better survival rate. 

 Prior to ex vivo imaging, animals were transcardially per-
fused with 4% paraformaldehyde and the head was excised. 

The skin and extracranial tissue were removed and the brain, 

still within the skull, placed in formaldehyde. After one day 
of post-fixation in 4% PFA, brains were transferred to a 20% 

sucrose solution for 3 days after which they were soaked in 

1mM GdDTPA in a phosphate-buffered saline solution [21]. 
After 21 days, the brains were suspended in Fomblin® liquid 

(to reduce MR susceptibility artefacts) in custom built sealed 

plastic tubes. A custom built 3 turn solenoid coil was used 
for fixed brain imaging. We employed a 3D spin-echo DTI 

imaging sequence using the following parameters: TR 

250ms, TE 28ms,  10.4ms,  6.9ms, 20 diffusion directions 
at b=4000s/mm2 (100 m isotropic resolution), NEX 1 and 

approximately 25 hours scan time per brain [21].  

In Vivo Data Processing 

 Image analysis and display were performed using custom 
software (MRVision Co., Winchester MA, USA). The serial 
diffusion-tensor data were processed to generate ADC and 
FA maps at each scan time-point. Regional analysis was 
conducted (on coronal sections) using the b0 (T2-weighted 
image), ADC, FA maps and the following DTI thresholds; 
decreased ADC < 1 SD of the contralateral (CL) hemisphere 
and or increased ADC > 1SD of CL hemisphere (entire ex-
tent) and increased b0 (T2-weighted signal intensity) to in-
sure exclusion of the ventricles and to account for the chang-
ing nature of the ADC/FA during the 21 day experimental 
course. A region of interest (ROI) defining the infarct area at 
different time points after stroke was delineated (using a 
automatic region growing tool) on each lesion containing 
slice. The mirror region in the CL hemisphere and an equiva-
lent area in the sham brain (control) were also measured. 

Ex Vivo DTI Tractography 

 DTI data were fitted to yield fractional anisotropy (FA) 

and apparent diffusion coefficient (ADC) maps and regional 

analysis was performed in the selected regions of interest 
(ROIs) on coronal sections (MRVision Company, Winches-

ter, MA, USA). We performed ROI analysis (full anatomical 

extent of the structures on longitudinal slices) of the specific 
pathways involved in functional recovery after stroke on the 

high resolution ex vivo images. Specifically, we studied the 

striato-thalamic motor pathway; striatum, thalamus and the 
hippocampus (CA1, CA2, CA3, DG) in both the IL and the 

CL hemisphere.  

 ROIs encompassed the entire extent (within the selected 
slice) of the selected brain structures. In the case of the large 

strokes the peri-infarct (peri-lesional) tissue surrounding the 

ventricle was seeded. For ex vivo tractography, we used the 
DTIstudio software (DTI Studio, Jiang & Mori, Johns Hop-

kins University, Baltimore U.S.A). Tracking of the striato-

thalamic pathway was performed in 6 stroke and 3 sham 
brains. Fiber tracts were generated using the following DTI 
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tractography parameters: start tracking FA of 0.07, stop 

tracking FA of 0.04 and a turn angle of 35º. 

Conventional Histology 

 After the ex vivo DTI scans were completed, all the 
brains were removed from the skull and sectioned at 40 μm 
in a cryostat.  

Staining of Myelinated Fibers with Luxol Fast Blue 

 Freely floating cryostat sections were rinsed in PBS, and 
transferred through 70%, 80%, and 96% ethanol to a 0.1% 
solution of Luxol Fast Blue (Luxol Fast Blue MBSN, Sol-
vent 38; Sigma, Deisenhofen, Germany) in 96% ethanol and 
0.05% acetic acid. After staining overnight at 56°C, sections 
were washed in distilled water, followed by PBS, differentia-
ted in 0.05% aqueous lithium carbonate followed by 70% 
ethanol and washed in saline before standard mounting, de-
hydrating, and coverslipping in Entellan.  

Immunohistochemistry for GAP-43 

 Free floating sections were successively incubated in 
20% normal goat serum, a mouse monoclonal antibody to 
GAP-43 (1:25000, clone 91E12; Boehringer Mannheim), 
and a biotinylated horse anti-mouse IgG adsorbed against rat 
IgG (1:250, 45 l/10 ml; Vector Laboratories). The reaction 
product was then visualized using standard avidin-biotin 
horseradish peroxidase/diaminobenzidine methods (Vectas-
tain ABC Kit; Vector Laboratories). Sections were mounted 
onto glass slides, air dried, immersed in ethanol gradients, 
and coverslipped. Brain sections from all animals at each 
time point were immunostained simultaneously. Control 
sections processed without primary antibody showed no spe-
cific staining. 

 Immunostaining data were examined on three standard 
coronal sections and specific regions were selected for 
analysis according to previous literature [31-34] (cortex and 
striatum: bregma 0.74-0.14 mm; thalamus, bregma 0.22 -
1.06 mm; hippocampus CA1, CA3, dentate gyrus (DG): 
1.46-1.60 mm). Selected areas were respectively 0.06 ± 0.01 
mm

2
 (Mean ± SD),  

 Relative
 
changes in the intensity and extent of GAP-43 

IR were quantified
 
using a computer-interfaced imaging sys-

tem (Scion Image). Brain sections, stained with Luxol fast 
blue and the corresponding MRI images, were used

 
to iden-

tify white matter structures and the infarcts. The optical den-
sity (OD) in a region of reliably low GAP-43 IR (the corpus 
callosum) was considered as the "background" value for 
each section and used to calculate the relative OD (rOD) for 
each specific region [35] (Fig. 5).  

Statistical Analysis 

 Data were analyzed using parametric ANOVA and 
Tukey Kramer multiple comparison for in vivo FA and ADC 
data statistical analysis at the different time points and t-tests 
for the ex vivo FA value comparison between stroke and 
sham animals. Correlation between MRI data and 
GAP43/rOD values was performed using the Spearman r 
test. The following specific correlations were made; 1. the 
difference between IL and CL FA values (  FA) and 2. the 
difference between IL and CL GAP 43 rOD values (  rGAP 
43), both in striatum/peri-striatal tissue and in the DG hippo-
campus. 

RESULTS 

Stroke Geographic, Composition and Clinical Characte-

ristics 

 Eight mice with stroke in the MCA territory and three 
shams were followed up with in vivo imaging. Six strokes 
and three shams were subsequently perfusion fixed for ex-
vivo brain DTI and histology. Lesion volumes and composi-
tion are provided in Table 1.  

 Lesions were of variable size and tissue composition. At 
day 4/5 post-stroke, approximately 60% of the animals 
showed some motor recovery and by day 21 all animals (ex-
cept animal 7) had completely recovered their motor func-
tion. At 21 days the two largest strokes (brain 1 and 2, Table 
1) had partly undergone cystic transformation, there was 
severe damage and loss of striatal tissue and severe peri-
striatal damage to the external capsule and cortex. The rost-
ral to caudal extent of the stroke in brain #1 is show in  

Table 1. Stroke Geographic, Lesion Volume, Functional and Physiological Characteristics 

Infact Volume (mm
3
) Neuro Score 

Me # Lesion 

D4/5 D9/10 D14/15 D21 PS D4/5 D9/10 D14/15 D21 

1 

2 

3 

7 

Cortex,  

external  

capsule,  

striatum 

94.2  

90.3  

21.0 

18.5 

50.0 

62.0  

15.8 

7.5 

56.6 

59.7 

14.4 

7.7 

57.3  

31.3 

12.9  

4.2 

2.0  

2.0  

2.0  

2.0 

2.0  

2.0  

2.0  

1.5 

1.0 

1.0  

1.0  

1.5 

0.0 

0.0 

0.0 

1.5 

0.0 

0.0 

0.0 

1.5 

8 

4 

Cortex,  

external  

capsule 

2.3  

7.4 

1.5  

2.3 

0.6 

2.4 

1.5 

1.3 

2.0  

2.0 

1.0  

1.5 

0.0  

1.0 

0.0 

0.0 

0.0 

0.0 

6 

5 
Striatm 

2.5 

9.6 

0.8  

6.0 

- 

4.7 

- 

3.2 

2.0  

2.0 

1.0  

1.5 

0.0 

1.0 

0.0 

0.0 

0.0 

0.0 

 
Mean 

SD 

30.7  

38.6 

18.2 

24.0 

20.9 

25.9 

16.0 

21.1 

2.0  

0.0 

1.6  

0.4 

0.8 

0.5 

0.2 

0.5 

0.2 

0.5 

Me: mice; PS: post-surgery. 
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(Fig. 1), same brain as in (Fig. 6) below. There was atrophy 
in and around the lesion area and the associated lateral ven-
tricle was enlarged and had a rim of inhomogeneous, highly 
anisotropic tissue, (Fig. 1) (average FA = 0.32 ± 0.05, mini-
mum FA of 0.13 and maximum of 0.52). In contrast the two 
other brains in this lesion category (3 and 7) had much less 
external capsule, cortical and striatal damage.  

 

 

 

 

 

 

 

 

 

 

 

 
Fig. (1). Coronal FA images showing a stroke within the striatum 

(yellow ellipse), same brain as in Fig. 6. The lesion extends from 

the rostral Corpus callosum (forceps minor, FM CC) up to an in-

cluding the caudal occipital cortex (Oc Ctx) region. 

 In the remaining two brains (4, 5) the lesion was prima-
rily within the striatum, (Fig. 2) (brain #4, Table 1 and figure 
5 below). However there was also a small amount of damage 
to the EC (caudal region in 4 and rostral region in 5), (Fig. 
2). 

 

 

 

 

 

 

 

 

 

 

 

Fig. (2). Coronal FA images showing a stroke within the striatum 

(yellow ellipse). The lesion extends from the rostral corpus callo-

sum (forceps minor, FM CC) up to an including the caudal CA1 

region.  

 Neurological scores did not differ substantially within the 
stroke group either in the acute or chronic phases (p=ns, Ta-
ble 1). All animals first showed decreased (D 0: stroke= 
29.75 ± 1.67 g, shams= 30.44 ± 0.73 g; D 4/5: stroke= 22.75 
± 3.01 g, sham= 25.3 ± 1.03 g) then increased (D21: Stroke= 
32.25 ± 0.7 g, sham= 32.4 ± 1.2 g) body weight during the 
21 day experimental course. However, no significant diffe-
rences in mean group body weight were observed between 

the sham and stroke groups either before surgery or at the 
different time-points when MRI was performed. 

In Vivo Analysis 

 ADC measured in the stroke area was lower than that 
obtained in a corresponding region in the sham brain at D4/5 
(p<0.01). ADC values significantly increased over time in 
the stroke area (p<0.0001, Fig. 3) and values at D4/5 was 
significantly different from values at D9/10 (p<0.05), 
D14/15 (p< 0.01) and D21 (p< 0.001, Fig. 3).  

Fig .  (3 ) .  ADC changes at different time points after stroke. 

Measures were collected in the stroke region (ADC), in the CL 

mirror region (ADC CL), and a correspondent region of a sham 

brain bilaterally (ADC sham). ADC was lower in strokes than in 

shams at D4/5 (p< 0.01, *) and ADC values at D4/5 were statisti-

cally different from values at D9/10 (p<0.05, *), D14/15 (p< 0.01, 

**) and D21 (p< 0.001, ***). 

 On the contrary, FA values seemed to increase slightly 
from D4/5 to D21 but no significant differences were ob-
served (Fig. 4). Also, in the CL hemisphere of the stroke 
animals, some fluctuations in FA values compared to the 
sham group were discernible but not significant.  

 

 

 

 

 

 

 

 

 

 

Fig. (4). FA changes at different time points after stroke. Measures 

were collected in the stroke region of the lesioned hemisphere (FA), 

in the CL mirror region (FA CL), and in the corresponding bilateral 

regions of the sham brains (FA sham). No statistically significant 

differences were observed between FA of the stroke, CLr sham 

brain regions. 

Ex Vivo Analysis 

 IL striatum and CL DG FA values were significantly 
different for the stroke group compared to the sham. (IL 

 

 
 

Or Ctx 

Oc Ctx 
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striatum stroke vs sham was 0.28 ± 0.05 vs 0.20 ± 0.04, 
mean ± SD, p  0.005 and CL DG stroke vs sham was 0.23 ± 
0.02 vs 0.25 ± 0.00 Mean ± SD, p  0.05). FA values in all 
other ROIs considered did not reach significance. ADC data, 
for all the ROIs, did not show significant differences bet-
ween the stroke and sham groups.  

DTI Tractography 

 Two brains (4 and 5; Table 1) showed a peculiar fiber 
tract trajectory where the tracts connected the CL to the IL 
striatum. This fiber pattern was not observed in the sham 
brains (Fig. 5A, B).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. (5). A) Ex vivo 3D DTI (axial slice, posterior view) showing 

the striato-thalamic tract. Red fiber trajectories originating from the 

stroke region in the IL striatum pass through the thalamus. Simi-

larly, green fiber solutions from the CL striatum pass through the 

thalamus but also through the corpus callosum and terminate in the 

CL lesioned striatum. B) Luxol fast Blue-stained coronal section of 

the brain showing an intact thalamus with a well-demarcated striatal 

lesion. C) Magnified image of an adjacent coronal section showing 

increased GAP43 staining within the striatum. D) Sham brain 

showing no fiber trajectories connecting the IL and CL striatal re-

gions and E) Un-lesioned thalamus showing very little (normal) 

GAP43 staining.  

 These brains had small stroke lesions with no white mat-
ter involvement. In the brains with the largest strokes (1, 2) 
there was essentially no discernible striatal tissue but there 
was a peri-lesional ring of tissue (periventricular region), 
which when seeded showed coherent fiber tracts connecting; 
1. to the thalamus through the ventral, unaffected part of the 
external capsule, and 2. to the CL external capsule through 
the corpus callosum, (Fig. 6A). In the remaining 2 brains (3, 
7), which had considerably smaller lesions but still some 
external capsule damage, we observed a similar pattern to 
that of 1 and 2 above (also not seen in the sham brains). In 
addition to the tracts seen above, the peri-lesional tracts (1 
and 2) were also continuous through the IL anterior external 
capsule and the CL anterior external capsule (Fig. 6B).  

 Seeding tracts in the hippocampal/thalamus regions 
showed no prominent differences in fiber trajectories (tracts 

constrained within these structures) between the stroke and 
the sham control groups.  

 

 

 

 

 

 

 

 

 

 

 

 
Fig .  (6 ) .  Ex vivo tractography (A axial slice, ventral view and B 

tilted axial slice, dorsal view) of a brain with a large lesion involv-

ing the full anatomic extent (rostral to caudal) of the striatum and 

cortex, and the antero-lateral extent of the external capsule (EC). A) 

The lateral ventricle is enlarged, there is loss of striatal, cortical 

(cystic) and EC tissue (short yellow arrow): the peri-lesional trajec-

tories (red) pass through the posterior, un-involved part of the EC 

and through the thalamus. In comparison, the contra-lesional trajec-

tories (green) are similar to those seen in the sham brain, (Fig. 5D). 

B) The dorsal peri-lesional tracts continue to the CL EC. Tracts 

from the dorsal CL EC (blue) are similar to those originating from 

the peri-lesional region. C) Tissue region within the peri-lesional 

tissue showing increased GAP43 expression.  

Immunohistochemistry 

 GAP 43 rOD was found to be increased in IL intact stria-
tum/peri-infarct tissue (Fig. 7A, C and Fig. 5C and 6C) of 
the stroke brains compared to the shams; (Stroke 1.39 ± 0.33 
vs Sham 1.06 ±0.05, p<0.05, Fig. 7A). Similarly, in the CL 
DG hippocampus, GAP 43 rOD was increased in the stroke 
compared to the sham group (Stroke 1.50 ±0.29 vs Sham 
1.15 ± 0.05, p<0.01, Fig. 7B).  

 

 

 

 

 

 

 
 
Fig. (7). A) GAP43 rOD between strokes and shams in the A) IL 

striatum and B) CL DG hippocampus. GAP 43 staining was much 

stronger in the stroke CL DG hippocampus of the stroke brains 

compared to the shams, where it is normally expressed at a low 

level. In the IL striatum the axon terminals are specifically stained 

for GAP 43 in the stroke mouse and not in the sham.  

Correlation Immunohistochemistry/MRI 

 Spearmann regression analysis showed a significant cor-
relation between  FA and  GAP 43 rOD in the DG hippo-
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campus [(IL minus CL ROI) (r=0.67, p<0.05)]. On the con-
trary,  FA and  GAP 43 rOD were not significantly corre-
lated in the striatum (p = 0.08). 

DISCUSSION AND CONCLUSION 

 In this study, we applied both in vivo and high resolution 
ex vivo DTI to study a mouse model of cerebral ischemia, in 
order to detect chronic plasticity changes related to recovery 
of motor function.  

 Rodent models of stroke, especially mice, are particularly 

useful to study remodelling leading to functional recovery 

because of the availability of transgenic strains. In vivo DTI 
showed that ADC in the stroke area was lower than that in 

the corresponding region in the sham brain at D4/5 (p< 0.01) 

and increased significantly over time (p< 0.0001, Fig. 3). On 
the contrary, FA values seemed to slightly increase, but not 

significantly, in the chronic phase compared to the sub-acute 

(ns, Fig. 4) Our results are in keeping with the results from 
previous long term monitoring studies, in animals (especially 

rodents and non human primates) [36-38] and humans. [39-

41].  

 New axon formation followed by connectivity remodel-

ing is postulated as a mechanism for recovery of function 

after stroke [3, 4, 33]. At day 4/5 post- stroke, approximately 
60% of the animals showed some motor recovery and by day 

21 all stroke animals (except animal 7) had completely re-

covered their motor function. Data in rats have shown that 
within the first 5 days of lesion induction, hyperexcitibality 

develops within the tissue both surrounding and remote from 

the lesion, which results in the reduction in GABAergic in-
hibition and neuronal resting membrane potential. This peri-

lesional dysfunction, which also contributes to the ensuing 

neurological deficit, partially resolves during the subsequent 
months [42]. In our study, it may be possible that hyperex-

citibality in dysfunctional tissue remote from the lesion, re-

solves much quicker allowing return of some motor function. 
In addition, it is also possible that the acute motor recovery 

observed may in fact be due to a re-routing of function i.e., 

plastic reorganization of the motor cortical output [43-45]. 
This phenomenon has been previously described in studies 

of rats, which showed rapid reorganization of cortical output 

after facial nerve transaction [46].  

 In rodents, recovery due to post-stroke axonal sprouting 

begins at about day 3 and continues until day 14 [33]. Sub-
sequently, synaptophysin levels begin to increase heralding 

the change over from growth cone formation to synapse 

formation i.e., creation of functional axonal circuits with 
recovery of sensory/motor function.  

 To investigate the remodeling of functional pathways 

associated with long-term remodeling of the brain, we stud-
ied the expression of a protein (GAP-53), expressed in the 

axonal growth cone of growing axons [9, 47, 48]. According 

to previously published data [3, 33], plasticity changes begin 
as late as 3 weeks after the acute ischemic event in specific 

areas such as the striatum, hippocampus, thalamus and cor-

tex [31-34]. Interestingly, we found that GAP 43 was more 
highly expressed in the intact IL striatum and the peri-infarct 

tissue (p<0.05; Fig. 7) and the CL DG hippocampus (p=0.01; 

Fig. 7) of the stroke brains. 

 Our DTI analysis also showed that FA, in the IL stria-
tum/peri-infarct tissue and CL DG, was significantly in-
creased in the stroke brains compared to the shams.  

 It is possible that increased FA may represent increased 
fiber tract ‘representation’ in these two regions (i.e., in-
creased axonal number and/or density). To better elucidate 
this finding, we used the striatum and the hippocampus as 
seed regions in order to perform tractography of the striato-
thalamic pathway and the hippocampal circuits. Both circuits 
are known to be involved in functional recovery after MCAo 
[49, 50].  

 Our tractography data have shown two anomalous DTI 
fiber trajectory patterns which were not seen in the sham 
brains:  

 1. In the brains which had small strokes (4 and 5, Table 
1), we observed a strong, coherent fiber tract connecting the 
CL to the IL striatum (striatal to striatal fiber tracts) through 
the corpus callosum (Fig. 5A and B). In non human pri-
mates, it has been shown that the nuclei of the striato-pallidal 
system are closely connected functionally with the corre-
sponding CL structures [51]. After focal cortical stroke, it 
has been previously reported that the peri-infarct cortex [3] 
and CL cortical areas develop new horizontal cortical con-
nections, by axonal sprouting, within three weeks post stroke 
[8]. However, no data are available to date regarding sub-
cortical horizontal projection after stroke. We hypothesize 
that the sub-cortical horizontal connections seen in our study 
do in fact represent post-stroke plastic changes in the brain.  

 2. In the brains with large strokes (1, 2, Table 1), because 
of the extensive damage and loss of striatal tissue we ob-
served tracts from the peri-lesional tissue which connected to 
the thalamus. This fiber pattern was very different from that 
seen in the small strokes and it is quite plausible that due to 
the extensive loss of striatal and cortical tissue and damage 
to the external capsule, the most efficient route to re-
establish a thalamic connection was via the ventral, unaf-
fected (perilesional) part of the external capsule. Again, the 
two brains with smaller strokes involving the same brain 
tissues as 1 and 2 above showed the same fiber patterns. 
These brains had some damage to the ventral part of the ex-
ternal capsule and also showed a ring of peri-lesional hyper-
intense (FA) tissue in the region of the subventricular zone 
(SVZ). The SVZ is known to be the region in which neuro-
blasts are born and from which they migrate to the cortex 
following focal cortical ischemia [52] and therefore would 
be the most likely region from which new sub-cortical axo-
nal sprouting can occur. It is also interesting to note that, in 
the two very large cystic strokes where the striatum was al-
most completely destroyed, the peri-lesional trajectories 
which ran dorsally were similar to the tracts originating from 
the CL EC.  

 Previous studies have shown that there can be compensa-
tory post-stroke sprouting in other brain regions such as 
striatum hippocampus and thalamus [53, 54]. However, 
seeding the hippocampus CA regions, the DG and thalamus, 
did not result in any substantial and consistent fiber tracts in 
any of the brains. This finding might, in fact, reflect the in-
trinsic limitation of the DTI technique which was unable to 
discriminate the intricate fiber crossings known to exist in 
these regions. 
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 In both cases, we infer that the fiber tracts connecting to 
or crossing the IL striatum may be the anatomical basis of 
the histological changes in GAP 43 expression observed in 
the stroke brains. However, the unusual fiber trajectories 
seen in the stroke brains (above) may also be due to the un-
masking of less dominant pathways due to cellular necrosis 
in substantial areas of the striatum, the overlying cortex and 
deep white matter (a well known limitation of DTI is that it 
can only pick out a single, dominant, fiber direction per 
voxel; subsidiary fiber pathways, if they exist, are not de-
tected). 

 In this study, we used the DTIStudio data processing 
software, which allows tracking based on the FACT algo-
rithm (a deterministic tracking algorithm). There are some 
major drawbacks associated with the use of this particular 
methodology for tracking axonal projections within the brain 
[55]. However, it is widely used for in vivo tracking studies 
and has 3 major ‘free’ parameters; the FA values for starting 
and stopping tracking, and the maximum turn angle at each 
step. The maximum turn angle is the most complex to opti-
mize; too small an angle results in major, straighter, tracts, 
while too large an angle results in many spurious tracts. The 
start and stop tracking FA were chosen based on the mea-
sured FA within the tissue regions selected. Tracking halts 
when the FA in the voxel is at the stop FA value hence there 
is no tracking outside of the brain i.e., through the back-
ground noise. The maximum turn angle was selected based 
on many trials using angles between 10 and 70 degrees and 
the angle chosen which resulted in the most coherent tract 
bundles [21]. 

 In summary, long term monitoring of rodent brain for up 
to 21 days showed motor recovery well in advance of axonal 
sprouting measured by GAP-53 increase in the peri-lesional 
tissue. DTI tractography showed two different fiber patterns 
which allowed new connections between the peri-lesional 
tissue and the thalamus. 

 From these data, it appears that DTI gives valuable non-
invasive information about post-stroke plasticity paralleling 
histologic and anatomic changes in the areas and pathways 
involved in motor recovery after stroke. This is the first 
study which shows that it is possible to demonstrate in vivo 
and ex vivo microstructural and connectivity remodeling 
after stroke in mice. Further confirmation of this finding 
should be performed in larger cohorts of rodents and in hu-
mans. 

ACKNOWLEDGEMENT 

 This work was supported in part by the Swiss Heart 
Foundation (CG), an Established Investigator Award from 
the American Heart Association (AdC), and the Athinoula A. 
Martinos Center for Biomedical Imaging (P41RR14075, 
S10RR016811, the MIND Institute). We would like to thank 
L Benowitz, for lab facilities and expertise on GAP 43 stain-
ing, G.G. Dai for pulse sequence development, J.B. Mandev-
ille for help with image reconstruction, and A. Kumar, N. 
Hadjikhani and Brian Quinn for their valuable comments on 
the manuscript. 

REFERENCES 

[1] Dijkhuizen RM, Singhal AB, Mandeville JB, et al. Correlation 

between brain reorganization, ischemic damage, and neurologic 

status after transient focal cerebral ischemia in rats: a functional 

magnetic resonance imaging study. J Neurosci 2003; 23(2): 510-7. 
[2] Mountz JM, Liu HG, Deutsch G. Neuroimaging in cerebrovascular 

disorders: measurement of cerebral physiology after stroke and as-
sessment of stroke recovery. Semin Nucl Med 2003; 33(1): 56-76. 

[3] Carmichael ST. Plasticity of cortical projections after stroke. 
Neuroscientist 2003; 9(1): 64-75. 

[4] Carmichael ST. Cellular and molecular mechanisms of neural 
repair after stroke: making waves. Ann Neurol 2006; 59(5): 735-

42. 
[5] Zhang R, Zhang Z, Zhang C, et al. Stroke transiently increases 

subventricular zone cell division from asymmetric to symmetric 
and increases neuronal differentiation in the adult rat. J Neurosci 

2004; 24(25): 5810-5. 
[6] Kokaia Z, Thored P, Arvidsson A, Lindvall O. Regulation of 

stroke-induced neurogenesis in adult brain--recent scientific pro-
gress. Cereb Cortex 2006; 16 Suppl. 1: i162-7. 

[7] Gregersen R, Christensen T, Lehrmann E, Diemer NH, Finsen B. 
Focal cerebral ischemia induces increased myelin basic protein and 

growth-associated protein-43 gene transcription in peri-infarct ar-
eas in the rat brain. Exp Brain Res 2001; 138(3): 384-92. 

[8] Stroemer RP, Kent TA, Hulsebosch CE. Enhanced neocortical 
neural sprouting, synaptogenesis, and behavioral recovery with D-

amphetamine therapy after neocortical infarction in rats. Stroke 
1998; 29(11): 2381-93; discussion 2393-5. 

[9] Benowitz LI, Routtenberg A. GAP-43: an intrinsic determinant of 
neuronal development and plasticity. Trends Neurosci 1997; 20(2): 

84-91. 
[10] Conturo TE, Lori NF, Cull TS, et al. Tracking neuronal fiber path-

ways in the living human brain. Proc Natl Acad Sci USA 1999; 
96(18): 10422-7. 

[11] Basser PJ, Pajevic S, Pierpaoli C, Duda J, Aldroubi A. In vivo fiber 
tractography using DT-MRI data. Magn Reson Med 2000; 44(4): 

625-32. 
[12] Moseley ME, Cohen Y, Kucharczyk J, et al. Diffusion-weighted 

MR imaging of anisotropic water diffusion in cat central nervous 
system. Radiology 1990; 176(2): 439-45. 

[13] Basser PJ. Inferring microstructural features and the physiological 
state of tissues from diffusion-weighted images. NMR Biomed 

1995; 8(7-8): 333-44. 
[14] Beaulieu C. The basis of anisotropic water diffusion in the nervous 

system - a technical review. NMR Biomed 2002; 15(7-8): 435-55. 
[15] Sotak CH. Nuclear magnetic resonance (NMR) measurement of the 

apparent diffusion coefficient (ADC) of tissue water and its rela-
tionship to cell volume changes in pathological states. Neurochem 

Int 2004; 45(4): 569-82. 
[16] Mori S, Zhang J. Principles of diffusion tensor imaging and its 

applications to basic neuroscience research. Neuron 2006; 51(5): 
527-39. 

[17] Carmichael ST. Rodent models of focal stroke: size, mechanism, 
and purpose. NeuroRx 2005; 2(3): 396-409. 

[18] D'Arceuil HE, Duggan M, He J, Pryor J, de Crespigny A. Middle 
cerebral artery occlusion in Macaca fascicularis: acute and chronic 

stroke evolution. J Med Primatol 2006; 35(2): 78-86. 
[19] Sun SW, Neil JJ, Song SK. Relative indices of water diffusion 

anisotropy are equivalent in live and formalin-fixed mouse brains. 
Magn Reson Med 2003; 50(4): 743-8. 

[20] Sun SW, Neil JJ, Liang HF, et al. Formalin fixation alters water 
diffusion coefficient magnitude but not anisotropy in infarcted 

brain. Magn Reson Med 2005; 53(6): 1447-51. 
[21] D’Arceuil HE, Liu C, Levitt P, Thompson B, Barry Kosofsky B, de 

Crespigny A. 3D High Resolution Diffusion Tensor Imaging (DTI) 
and Tractography of the Developing Rabbit Brain. Developmental 

Neuroscience, 2007, in press. 
[22] Mori S, Itoh R, Zhang J, et al. Diffusion tensor imaging of the 

developing mouse brain. Magn Reson Med 2001; 46(1): 18-23. 
[23] Zhang J, van Zijl PC, Mori S. Three-dimensional diffusion tensor 

magnetic resonance microimaging of adult mouse brain and hippo-
campus. Neuroimage 2002; 15(4): 892-901. 

[24] Xue R, van Zijl PC, Crain BJ, Solaiyappan M, Mori S. In vivo 
three-dimensional reconstruction of rat brain axonal projections by 

diffusion tensor imaging. Magn Reson Med 1999; 42(6): 1123-7. 
[25] Sun SW, Song SK, Hong CY, Chu WC, Chang C. Directional 

correlation characterization and classification of white matter 
tracts. Magn Reson Med 2003; 49(2): 271-5. 



Long-Term Monitoring of Post-Stroke Plasticity After Transient Cerebral The Open Neuroimaging Journal, 2007, Volume 1    17 

[26] Chen P, Goldberg DE, Kolb B, Lanser M, Benowitz LI. Inosine 

induces axonal rewiring and improves behavioral outcome after 
stroke. Proc Natl Acad Sci USA 2002; 99(13): 9031-6. 

[27] Adkins DL, Jones TA. D-amphetamine enhances skilled reaching 
after ischemic cortical lesions in rats. Neurosci Lett 2005; 380(3): 

214-8. 
[28] Buchli AD, Schwab ME. Inhibition of Nogo: a key strategy to 

increase regeneration, plasticity and functional recovery of the le-
sioned central nervous system. Ann Med 2005; 37(8): 556-67. 

[29] Hara H, Fink K, Endres M, et al. Attenuation of transient focal 
cerebral ischemic injury in transgenic mice expressing a mutant 

ICE inhibitory protein. J Cereb Blood Flow Metab 1997; 17(4): 
370-5. 

[30] Hirt L, Badaut J, Thevenet J, et al. D-JNKI1, a cell-penetrating c-
Jun-N-terminal kinase inhibitor, protects against cell death in se-

vere cerebral ischemia. Stroke 2004; 35(7): 1738-43. 
[31] Lee SR, Kim HY, Rogowska J, et al. Involvement of matrix metal-

loproteinase in neuroblast cell migration from the subventricular 
zone after stroke. J Neurosci 2006; 26(13): 3491-5. 

[32] Matsumori Y, Hong SM, Fan Y, et al. Enriched environment and 
spatial learning enhance hippocampal neurogenesis and salvages 

ischemic penumbra after focal cerebral ischemia. Neurobiol Dis 
2006; 22(1): 187-98. 

[33] Carmichael ST, Wei L, Rovainen CM, Woolsey TA. New patterns 
of intracortical projections after focal cortical stroke. Neurobiol Dis 

2001; 8(5): 910-22. 
[34] Ding Y, Li J, Clark J, Diaz FG, Rafols JA. Synaptic plasticity in 

thalamic nuclei enhanced by motor skill training in rat with tran-
sient middle cerebral artery occlusion. Neurol Res 2003; 25(2): 

189-94. 
[35] Kawamata T, Dietrich WD, Schallert T, et al. Intracisternal basic 

fibroblast growth factor enhances functional recovery and up-
regulates the expression of a molecular marker of neuronal sprout-

ing following focal cerebral infarction. Proc Natl Acad Sci USA 
1997; 94(15): 8179-84. 

[36] Liu Y, D'Arceuil HE, Westmoreland S, et al. Serial diffusion tensor 
MRI after transient and permanent cerebral ischemia in nonhuman 

primates. Stroke 2007; 38(1): 138-45. 
[37] Rudin M, Baumann D, Ekatodramis D, Stirnimann R, McAllister 

KH, Sauter A. MRI analysis of the changes in apparent water diffu-
sion coefficient, T(2) relaxation time, and cerebral blood flow and 

volume in the temporal evolution of cerebral infarction following 
permanent middle cerebral artery occlusion in rats. Exp Neurol 

2001; 169(1): 56-63. 
[38] Ashwal S, Tone B, Tian HR, Chong S, Obenaus A. Serial magnetic 

resonance imaging in a rat pup filament stroke model. Exp Neurol 
2006; 202(2): 294-301. 

[39] Yongbi MN, Huang NC, Branch CA, Helpern JA. The application 
of diffusion-weighted line-scanning for the rapid assessment of wa-

ter ADC changes in stroke at high magnetic fields. NMR Biomed 
1997; 10(2): 79-86. 

[40] Warach S, Gaa J, Siewert B, Wielopolski P, Edelman RR. Acute 

human stroke studied by whole brain echo planar diffusion-
weighted magnetic resonance imaging. Ann Neurol 1995; 37(2): 

231-41. 
[41] Sorensen AG, Wu O, Copen WA, et al. Human acute cerebral 

ischemia: detection of changes in water diffusion anisotropy by us-
ing MR imaging. Radiology 1999; 212(3): 785-92. 

[42] Soblosky JS, Colgin LL, Chorney-Lane D, Davidson JF, Carey 
ME. Some functional recovery and behavioral sparing occurs inde-

pendent of task-specific practice after injury to the rat's sensorimo-
tor cortex. Behav Brain Res 1997; 89(1-2): 51-9. 

[43] Traversa R, Cicinelli P, Bassi A, Rossini PM, Bernardi G. Mapping 
of motor cortical reorganization after stroke. A brain stimulation 

study with focal magnetic pulses. Stroke 1997; 28(1): 110-7. 
[44] Butefisch CM, Netz J, Wessling M, Seitz RJ, Homberg V. Remote 

changes in cortical excitability after stroke. Brain 2003; 126(Pt. 2): 
470-81. 

[45] Butefisch CM, Kleiser R, Korber B, et al. Recruitment of contrale-
sional motor cortex in stroke patients with recovery of hand func-

tion. Neurology 2005; 64(6): 1067-9. 
[46] Sanes JN, Suner S, Donoghue JP. Dynamic organization of primary 

motor cortex output to target muscles in adult rats. I. Long-term 
patterns of reorganization following motor or mixed peripheral 

nerve lesions. Exp Brain Res 1990; 79(3): 479-91. 
[47] Aigner L, Caroni P. Depletion of 43-kD growth-associated protein 

in primary sensory neurons leads to diminished formation and 
spreading of growth cones. J Cell Biol 1993; 123(2): 417-29. 

[48] Aigner L, Arber S, Kapfhammer JP, et al. Overexpression of the 
neural growth-associated protein GAP-43 induces nerve sprouting 

in the adult nervous system of transgenic mice. Cell 1995; 83(2): 
269-78. 

[49] Nakatomi H, Kuriu T, Okabe S, et al. Regeneration of hippocampal 
pyramidal neurons after ischemic brain injury by recruitment of 

endogenous neural progenitors. Cell 2002; 110(4): 429-41. 
[50] Thored P, Arvidsson A, Cacci E, et al. Persistent production of 

neurons from adult brain stem cells during recovery after stroke. 
Stem Cells 2006; 24(3): 739-47. 

[51] Khasabov GA, Kuraev GA. [Functional links of the nuclei of the 
striopallidal system in monkeys]. Zh Vyssh Nerv Deiat Im I P Pav-

lova 1968; 18(3): 448-55. 
[52] Tsai PT, Ohab JJ, Kertesz N, et al. A critical role of erythropoietin 

receptor in neurogenesis and post-stroke recovery. J Neurosci 
2006; 26(4): 1269-74. 

[53] Benowitz LI, Perrone-Bizzozero NI, Neve RL, Rodriguez W. GAP-
43 as a marker for structural plasticity in the mature CNS. Prog 

Brain Res 1990; 86: 309-20. 
[54] Chen R, Cohen LG, Hallett M. Nervous system reorganization 

following injury. Neuroscience 2002; 111(4): 761-73. 
[55] Mori S, Crain BJ, Chacko VP, van Zijl PC. Three-dimensional 

tracking of axonal projections in the brain by magnetic resonance 
imaging. Ann Neurol 1999; 45(2): 265-9. 

 
 

Received: August 13, 2007 Revised: October 11, 2007 Accepted: October 18, 2007 
 


