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Delayed post-ischaemic neuroprotection following
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Recent evidence suggests that neural stem/precursor cells (NPCs) promote recovery in animal models with delayed neuronal

death via a number of indirect bystander effects. A comprehensive knowledge of how transplanted NPCs exert their therapeutic

effects is still lacking. Here, we investigated the effects of a delayed transplantation of adult syngenic NPCs—injected intra-

venously 72 h after transient middle cerebral artery occlusion—on neurological recovery, histopathology and gene expression.

NPC-transplanted mice showed a significantly improved recovery from 18 days post-transplantation (dpt) onwards, which

persisted throughout the study. A small percentage of injected NPCs accumulated in the brain, integrating mainly in the infarct

boundary zone, where most of the NPCs remained undifferentiated up to 30 dpt. Histopathological analysis revealed a hitherto

unreported very delayed neuroprotective effect of NPCs, becoming evident at 10 and 30 dpt. Tissue survival was associated with

downregulation of markers of inflammation, glial scar formation and neuronal apoptotic death at both mRNA and protein levels.

Our data highlight the relevance of very delayed degenerative processes in the stroke brain that are intimately associated

with inflammatory and glial responses. These processes may efficaciously be antagonized by (stem) cell-based strategies at

time-points far beyond established therapeutic windows for pharmacological neuroprotection.
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Introduction
According to current pathophysiological concepts, the structural

histological injury following stroke evolves within several hours

to up to 3–4 days, depending on the duration and severity of

the ischaemic event (Namura et al., 1998; Hata et al., 2000;

Hermann et al., 2001). During that time, secondary energy failure

develops in the ischaemic penumbra via multiple mechanisms

including excitotoxicity, lactacidosis and peri-infarct depolarizations

(Hossmann, 2006). In the ischaemic border zone surrounding the

evolving infarct, inflammatory responses and apoptotic programs

are activated in this phase that further contribute to injury devel-

opment (Dirnagl et al., 1999; Hermann et al., 2001; Hossmann,

2006). Following the acute stroke phase, the tissue undergoes

substantial matrix remodelling that results in (astro)glial scar

formation, which is widely regarded as a major hampering factor

for tissue repair and regeneration (Fawcett and Asher, 1999;

Nedergaard and Dirnagl, 2005; Yiu and He, 2006).

Several lines of evidence suggest that the structural and

functional changes in the ischaemic boundary zone are of key

importance for the final stroke outcome (Witte, 1998; Nudo,

1999). This might imply that therapies favouring endogenous

tissue repair and/or remodelling may have realistic chances of

success also when applied beyond established time-windows of

tissue protection, which in the case of thrombolytics in humans

are in the range of 3–6 h (Hacke et al., 2008). The pathophysiol-

ogy of this second phase is highly heterogeneous in time and

space, and the underlying mechanisms are still poorly understood

(Lee et al., 2008). There is common sense that classical

pharmacological strategies aiming at improving neuronal survival

are no more useful at this latter stage (Zivin, 1998).

Neural stem/precursor cells (NPCs) display remarkable ther-

apeutic plasticity upon transplantation in experimental conditions

mimicking central nervous system (CNS) diseases, by adapting

their fate and function(s) to specific environments under

pathological conditions (Martino and Pluchino, 2006). Key func-

tions such as the replacement of neural cells (Pluchino et al., 2003;

Karimi-Abdolrezaee et al., 2006) and the delivery of therapeutic

gene(s) (Lee et al., 2007) have been recently challenged by

intrinsic bystander capacities, mainly exerted by undifferentiated

NPCs, releasing at the site of tissue damage, a milieu of immune-

regulatory molecules that is temporally and spatially orchestrated

by specific environmental needs (Pluchino et al., 2005).

Furthermore, NPCs synergize with local immune (e.g. T cells and

microglia) (Ziv et al., 2006) and CNS resident (e.g. endothelial

cells, astrocytes) cells (Pluchino et al., 2005), modulating the

focal release of stem cell regulators and—in turn—promoting

functional recovery from CNS injuries. The molecular and cellular

mechanisms mediating such bystander effects still remain to be

characterized.

The brain repair potential of NPCs acutely transplanted in

stroke-like conditions—both ischaemic and haemorrhagic—has

solid pre-clinical evidence (Bliss et al., 2007; Lee et al., 2008).

Thus, the issue as whether (and how) NPCs also modulate

delayed cerebral responses after stroke has important therapeutic

relevance that should be clarified in order to correctly adjust cell-

based therapies to tissue needs. Here, we report the capacity of

the post-acute transplantation of syngenic adult NPCs injected

intravenously (i.v.) at 72 h post-ischaemia to induce functional

neurological recovery in mice with transient middle cerebral

artery occlusion (MCAO). Histological analysis revealed a so far

unreported very delayed neuroprotective effect that began to

evolve at 10 days post-transplantation (dpt) and was even

more pronounced at 30 dpt. Molecular biological and histo-

chemical studies revealed profound anti-inflammatory, glial

scar-inhibitory and anti-apoptotic effects of NPCs, which

were responsible for the neuroprotection and the functional

improvements.

Materials and Methods

Intraluminal MCAO
Details on the study design are presented in Supplementary Fig. 1.

Forty-five minutes of MCAO were induced in adult male 8- to

10-week old (weight 20–25 g) C57Bl/6 mice (Harlan Nossan,

Netherlands), as previously described (Hata et al., 2000; Hermann

et al., 2001). Experiments were performed at the University Hospital

Zurich according to the National Institutes of Health guidelines for the

care and use of laboratory animals with approval of local government

authorities (Cantonal Veterinary Office, ZH 169/2005). During the

experiments, up to 15 min after reperfusion, laser Doppler flow

(LDF) was monitored above the core of the middle cerebral artery

territory. Further information is provided in the Supplementary

materials and Methods section.

NPC preparation and transplantation
Adult neurospheres were generated from the subventricular zone of

8-month-old C57Bl/6 mice, as described (Pluchino et al., 2005),

and i.v. delivered at 72 h after reperfusion via the tail vein. Further

information is provided in the Supplementary Materials and Methods

section.

Behavioural analysis
Modified neurological severity score (mNSS) was evaluated at base-

line, on the day of transplantation prior to cell delivery, on a daily

basis between 1 and 11 dpt, and then every second to fourth day up

to 30 dpt. Grip strength test was performed at baseline, at 3 days

after MCAO, immediately before cell transplantation, and at 3, 10, 20

and 30 dpt. Behavioural tests were performed during the light

phase of the circadian cycle beginning 4 h after lights on. Further
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information is provided in the Supplementary Materials and

Methods section.

Tissue pathology
At sacrifice, mice were transcardially perfused with 4% paraformalde-

hyde and brain, liver, spleen, kidneys and lungs were removed

and processed for tissue histopathology as frozen tissue samples

(Pluchino et al., 2005). Further information is provided in the

Supplementary Materials and Methods section.

Stereological analysis
In the striatum, cell numbers for NeuN, Darpp-32 and D2R were

quantified according to the optical fractionator method with the assis-

tance of the Stereo Investigator v 3.0 software (MicroBrightField, Inc.,

Colchester, VT, USA) (West et al., 1991).

Estimates of the length of capillaries (threshold smaller than 8 mm)

were made throughout the striatum (ischaemic and contralateral) on

CD 31 stained sections with the use of virtual isotropic hemispherical

probes (radius = 22 mm) on the Stereo Investigator v 3.0 software

(MicroBrightField) (Mouton et al., 2002). Further information is pro-

vided in the Supplementary Materials and Methods section.

Real-time PCR
Real-time quantitative PCR was performed using pre-developed

TaqmanTM Assay Reagents on an ABI PrismTM 7700 Sequence

Detection System (Applied Biosystems, Carlsbad, California, USA)

according to the manufacturer’s protocol. Further information is pro-

vided in the Supplementary Materials and Methods section.

Statistical analysis
For statistical analyses, we used a standard software package

(GraphPad Prism version 4.00). To test the treatment effect on each

of the behaviour scores, behavioural tests were evaluated by means of

repeated measurement analysis of variance (ANOVA). Whenever

a treatment by time interaction or treatment effect was present at

the 0.05 level, a post hoc analysis was done by Bonferroni test.

Histological data were evaluated by unpaired two-tailed t-tests.

Gene expression analyses were evaluated by two-tailed t-tests and

by two-way ANOVA followed by Bonferroni test.

Results

Progressive improvement of
neurological deficits after NPC
transplantation
Mice subjected to transient MCAO (Hata et al., 2000) were

injected i.v. with syngenic subventricular zone-derived green

fluorescent protein (GFP)+ adult NPCs (1.0� 106 cells per

mouse) at 72 h after reperfusion, following a delayed (post-

acute) cell transplantation scheme (Pluchino et al., 2003, 2005).

Post-randomization analysis of the LDF measurements, weight loss

and neurological deficit scores (mNSS and grip strength test) both

prior to the induction of cerebral ischaemia (�3 dpt) and before

treatment (Day 0) did not show any differences between the

groups (Fig. 1A–D).

Neurological performance was monitored all along the

follow-up until 30 dpt. Indeed, remarkable development of

neurological deficits was observed upon MCAO in both groups

of mice. NPC-transplanted MCAO mice showed a progressively

enhanced recovery of motor skills in the mNSS—starting to be

significant from 18 dpt onwards (P40.05)—as compared with

sham-treated controls. This improvement was also reflected by

stronger grip strength in the right paretic forepaw (Fig. 1 C–D).

The grip strength in the left non-paretic forepaw did not differ

between the groups (data not shown).

Accumulation and long-term
persistence of transplanted NPCs
in the ischaemic boundary zone
To assess the distribution and the identity of i.v.-injected NPCs in

the ischaemic brain, a detailed morphometric analysis was carried

out at 3, 10 and 30 dpt in the brain and in peripheral tissues such

as spleen, liver, kidneys and lungs. Only 0.09% of injected NPCs

were detected in the brain by 3 dpt and the cells accumulated in

both hemispheres, ipsilateral and contralateral to the stroke

(3.47� 0.96 and 4.25� 1.6 cells/mm3, respectively). At later

time-points, NPCs were detected exclusively in the ischaemic

hemisphere. As such, the number of NPCs increased by 5.5-fold

at 10 dpt (0.23% of transplanted NPCs, 19.4� 4.87 cells/mm3,

P40.05 compared with 3 dpt), the majority GFP+ NPCs accumu-

lating in the ischaemic boundary zone. At 30 dpt numbers of

NPCs remained similarly high (0.28% of transplanted NPCs,

20.5� 4.2 cells/mm3, P40.05 compared with 3 dpt). Sham-

treated ischaemic mice did not display any immunoreactivity for

GFP, neither in the brain nor in peripheral tissues (Fig. 2A and B).

To characterize the proliferation and differentiation capacity of

transplanted NPCs, different immunohistochemical stainings were

performed. Twenty-five percent of GFP+ cells at 3 dpt expressed

the Ki67 antigen, a molecular marker that is expressed exclusively

in proliferating cells during the late G1, S, G2 or M phase of the

cell cycle. The great majority of NPCs within the brain at 3 and 10

dpt did not express any of the major antigens of the neural line-

age, such as glial fibrillary acidic protein, doublecortin (Dcx),

microtubule-associated protein (MAP)-2 and the oligodendroglial

transcription factor (Olig 2) (data not shown). The percentage of

Ki67+ NPCs decreased at later time-points (6.9% at 10 dpt, 0.8%

at 30 dpt), whereas the majority of cells still remained undiffer-

entiated. Even at 30 dpt, only 4.4% and 0.8% of

i.v.-injected NPCs at 30 dpt expressed Olig2 and doublecortin,

respectively (Fig. 2C–F).

Similarly to what others and we have shown in experimental

autoimmune encephalomyelitis, NPCs detected in the ischaemic

boundary zone established anatomical interaction(s) with

von Willebrand factor+ endothelial cells, CD45+ blood-derived

leucocytes and f4/80+ phagocytes. Occasionally, f4/80+ phago-

cytes being immunoreactive also for GFP were identified, thus
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suggesting that only very low numbers of i.v.-injected NPCs might

have been phagocytosed in vivo (Fig. 2G–H).

Few scattered GFP+ NPCs were found in the spleen, liver,

kidneys and lungs up to 30 dpt (Supplementary Fig. 2). No patho-

logical signs suggestive of overt toxic effects (e.g. inflammation,

necrosis, cell degeneration) were found in any of these organs.

Protection from delayed ischaemic
injury and enhancement of neuronal
survival
To understand how NPCs delivery improved functional recovery

after stroke, we analysed the treatment effect on histopathological

brain injury. Cresyl violet-based morphometrical analysis of brain

swelling or atrophy showed no difference, when NPC-treated

MCAO mice were compared with sham-treated controls at both

0, 3 and 10 dpt (Fig. 3A and C). In contrast, significant reduction

of the lesion volume by 21.5% was detected at 30 dpt in

NPC-treated mice (P4 0.05) (Fig. 3B–E). The regional analysis

of the surviving tissue indicated that NPC effect on lesion size

was due to a protection of residual striatal brain tissue (total

striatal volume in the ischaemic hemisphere: sham treated,

1.99� 0.20 mm3; NPC treated, 2.59� 0.20 mm3, P = 0.05; 23%

lesion volume reduction). The morphometric analysis of the

surviving cortical tissue showed no significant difference between

the groups.

The total lesion volume was found to be inversely correlated

with grip strength at 30 dpt (r =�0.877, r2 = 0.769; P = 0.0002),

but not to the mNSS.

Modulation of inflammation-,
astrogliosis- and neuronal
survival-related genes at mRNA level
In order to elucidate the molecular mechanism(s) underlying

the observed NPC-mediated protection from brain ischaemic

injury progression, we next performed a wide TaqMan�-based

semi-quantitative gene expression profiling in the two brain hemi-

spheres (both ipsi- and contralateral to the stroke) from sham-

treated and NPC-treated MCAO mice at 0, 3, 10 and 30 dpt.

Forty-five different mRNA species involved in angiogenesis,

astrogliosis, inflammation and neuronal survival were measured

in the brain. Significant and homogeneous downregulation of

several mRNA species was observed between 3 and 30 dpt in

NPC-treated MCAO mice, as shown by progressive decrease

of the regression curve slope values (m) at 3 (m = 1.15),

10 (m = 0.67) and 30 dpt (m = 0.57), respectively. Further corre-

lation index analysis on scatter plots revealed that differences in

gene expression were mostly seen in the ischaemic hemispheres at

Figure 1 Amelioration of neurological deficits. (A) LDF recordings before (�3 to 0 min), during and after 45 min of intraluminal

MCAO. No differences on LDF were noted before, during and after MCAO between the two groups. (B) Body weight in the 4 weeks

following MCAO. No significant difference in body weight was ever observed between the two groups. (C) mNSS and (D) grip strength

test, evaluated on the paretic right forepaw. Note the functional improvement in NPC-treated mice. Open circles in A–D refer to sham-

treated mice, while filled circles refer to NPC-treated mice. Data are expressed as mean values� SE. *P4 0.05, compared with sham-

treated MCAO mice.
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10 dpt (r2 = 0.82), when compared with 3 and 30 dpt (r2 = 0.96

and 0.93, respectively) (Supplementary Fig. 3), which is notably

significant before group differences in brain injury became evident.

Interestingly, 42.2% (19/45) of the genes did not change at any

time-point. Only 2.2% (1/45) of the genes were upregulated in

NPC-treated mice at 3 dpt, among which we identified DARPP-32

(1.7-fold) (Fig. 4A). On the other hand, 55.6% (25/45) of

the genes were downregulated in NPC-treated mice. Among

these, the most prominent were (i) inflammatory regulators

[e.g. interferon (IFN)-g at 3 dpt (0.4-fold, P4 0.05) and at

10 dpt (0.6-fold), tumour necrosis factor (TNF)-� (0.5-fold,

P40.05) at 10 dpt, interleukin (IL)-1b (0.5-fold, P4 0.05), IL-6

(0.5-fold, P40.05) and leptin receptor (0.7-fold, P = 0.07) at

30 dpt]; (ii) regulators of (astro)glial proliferation and reactivity

[e.g. fibroblast growth factor (FGF)-II (0.7-fold, P4 0.01) at

10 dpt, the marker of reactive astrocytes vimentin (0.4-fold,

P40.05) (Galou et al., 1996) at 30 dpt] and (iii) neuronal death

and plasticity [e.g. the executioner caspase-3 (0.7-fold, P40.05)

at 10 dpt, the growth-associated protein (GAP)-43 (0.6-fold,

P40.01) and the chondroitin sulphate proteoglycan versican

Figure 2 Accumulation and persistence of injected NPCs in the brain ischaemic boundary zone. (A) Quantification of the number

of i.v.-injected NPCs accumulating in the ischaemic brain at 3, 10 or 30 dpt. Filled circles correspond to individual mice. I indicate ipsilateral

to ischemia, while C indicates contralateral to ischemia. *P40.05, compared with sham-treated MCAO mice. (B) Low-magnification

view of the ischaemic brain hemisphere showing a cluster of GFP+ NPCs (in brown) within the lesion border zone beneath the hippo-

campus at 10 dpt. The right image is a magnification of the boxed area. Nuclei were counterstained with haematoxylin. (C) Consistent

proportion of i.v.-injected NPCs in the brain ischaemic boundary zone at 3 dpt are Ki67+ (arrowhead, red). (D–F) At 30 dpt, some of

transplanted NPCs express the oligodendrocyte-specific transcription factor Olig2 (red in E) or the neuronal marker doublecortin (red in F).

No co-expression of GFP with the astroglial marker GFAP (red in D) was found at any time-point. (G and H) NPCs (arrowheads) at

the ischaemic boundary zone were often detected in close proximity to von Willebrand factor+ endothelial cells (blue in G), CD45+

blood-derived leukocytes (red in G) and f4/80+ phagocytes (red in H). Occasionally, f4/80+ phagocytes being immunoreactive also for

GFP (arrowhead in H) were identified. The white dotted line in G represents a blood vessel. GFP+ cells are green in C–H. Nuclei (labelled

with DAPI) are in blue in C–F and H. Images in F and G are deconvolved projections optimized by using Delta Vision (Applied Precision)

software. Scale bars: B, 200mm; C, 40 mm; D, 80 mm; E, 60 mm; F, 100 mm; E, G and H, 40 mm.
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(0.7-fold, P = 0.059) at 30 dpt] (Fig. 4). Genes involved in the angio-

genic response to ischaemia (Hif-1�, KDR, EPO, Flt-1, VEGF-�) in

the perilesional area changed only slightly after ischaemia and only

subtle changes were observed between the two treatment groups.

At 30 dpt, stereological-based estimates of the total density and

length of capillaries in sham- and NPC-treated mice were not

significantly different (total capillary density: 6.751� 10�4
� 3.978

�10�5mm/mm3 versus 6.682� 10�4
� 2.846� 10�5mm/mm3,

P = 0.890; total length of capillaries: 1.732� 106
� 6.82�105 mm

versus 2.20� 106
� 4.05� 105mm, P = 0.163, in sham and

NPC-treated mice, respectively). In the contralateral non-ischaemic

hemisphere, the large majority of mRNA species (29/45, 64.4%)

remained unchanged. A comprehensive description of the gene

expression data is shown in the Supplementary Table 1. These

data indicate that the delayed i.v. injection of NPCs potently regu-

lates the expression of several mRNA species in the ischaemic brain.

Attenuation of the inflammatory
response
To further characterize the effects of NPC transplantation on the

local inflammatory response, we analysed morphometrically the

total brain area stained with the common leucocyte antigen

CD45 as well as the density of microglial cells in the ischaemic

boundary zone both at 3, 10 and 30 dpt.

While NPC-treated mice showed a significant reduction of both

CD45+ and ionized calcium binding adaptor molecule 1 (IBA-1+)

cells at 30 dpt only (both P40.05, when compared with sham-

treated controls) (Fig. 5A–C and G), a significant reduction

of IBA-1+/major histocompatibility complex class II molecule

(MHC-II+) cells was observed at both 3 and 10 dpt (both

P40.05) (Fig. 5D–F).

Inhibition of (astro)glial scar formation
Gliotic scar formation is regarded as a major factor hampering

recovery from stroke (Li et al., 2005; Yiu and He, 2006). Thus,

we next measured the area and thickness of the Glial fibrillary

acidic protein (GFAP+) glial scar wall in the infarct border zone

(Fig. 6A). Again, NPC-treated mice showed a smaller scar area at

30 dpt (P4 0.05). When corrected for the border length profile

irregularities, this also resulted in a significantly thinner scar

(P4 0.01) (Fig. 6B–E), the difference among the two treatment

Figure 3 Protection from the progression of brain ischaemic injury. (A) Brain oedema/atrophy. Brain hemisphere volume ipsilateral to

ischemia is maximal at 0 dpt. At 3 dpt the oedema decreases while a substantial degree of atrophy is observed at 10 dpt and it further

progresses up to 30 dpt. (B) Evolution of the ischaemic lesion volume over time. (C) Spared striatal tissue volume of the ipsilateral

hemisphere at 30 dpt as calculated from the analysis of serial sections for stereology-based counts. (D and E) Representative 3D

reconstructions of the forebrain (grey), striatum (red) and ischaemic lesion (yellow) at 30 dpt of a representative sham-treated (D) and

NPC-treated mice (E) obtained from the sequential sections (n = 18 sections per mouse) analysed for stereology. White bars refer to

sham-treated MCAO mice, while black bars refer to NPC-treated MCAO mice. Data in A, B and C are expressed as means� SE.

*P = 0.05, compared with sham-treated MCAO mice.
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groups of mice was particularly evident at the rostrocaudal level of

the bregma.

Promotion of neuronal survival
Further analysis showed that NPC-treated MCAO mice had higher

densities of surviving neuronal nuclear antigen (NeuN)+ neurons in

the striatum ipsilateral to the stroke starting at 3 and 10 dpt,

getting significant at 30 dpt, compared with sham-treated controls

(Fig. 7A–C and Supplementary Fig. 4). No differences were seen in

other structures, namely in the cortex, hippocampus and thalamus

(data not shown). These findings were also substantiated with

unbiased stereological counts (Fig. 7D–G). Furthermore, by apply-

ing the optical-fractionator methodology at tissues obtained at 30

dpt only, we observed significantly more Darpp-32+ medium spiny

neurons, as well as D2R+ neurons (a subpopulation of medium

spiny neurons) (Kawaguchi, 1997) (Fig. 7F and E, P40.05 and

P4 0.01, respectively) in the striatum of NPC-treated ischaemic

mice, when compared with sham-treated controls. Finally, though

NPC-transplanted mice displayed a slightly higher number of

ChAT+ interneurons (a subpopulation of interneurons particular

resistant to ischaemia) (Andsberg et al., 2001), the difference to

sham-treated animals was not statistically significant (P = 0.33)

(Fig. 7G).

The enhanced neuronal survival was also reflected by a

significant reduction (P40.05) of the total number of apoptotic

cells (in particular neurons) displaying either cleavage of caspase 3

(3 dpt) or DNA fragmentation (3 and 10 dpt) in the ischaemic

hemisphere of NPC-treated MCAO mice, when compared with

sham-treated controls (Fig. 8A and B, Supplementary Fig. 4).

Prevention of corpus callosum atrophy
by NPCs
There is substantial evidence that ischaemic lesions may induce

degeneration of long distance, interhemispheric projections

(Napieralski et al., 1996), such as those crossing the corpus callo-

sum (CC). Indeed, the quantification of the medial CC ipsilateral

to the stroke revealed that NPC-treated ischaemic mice had

a significantly thicker CC at 30 dpt, when compared with sham-

treated controls (P40.05) (Fig. 8C). These latter data point

towards a more successful remodelling of interhemispheric

projections in NPC—as compared with sham-treated MCAO mice.

Discussion
In ischaemic stroke the time-window, in which survival promoting

therapies are efficacious, is extremely limited. As such, recanalizing

drugs (i.e. thrombolytics) (Busch et al., 1998; Kilic et al., 2000;

Hacke et al., 2008) as well as neuroprotective compounds

[e.g. NMDA receptor antagonists (Ma et al., 1998), free radical

scavengers (Yang et al., 2000), growth factors (Cerami, 2001) or

caspase-3 inhibitors (Endres et al., 1998)] protect brain tissue only

when delivered in the first 1–3 and in some conditions up to 6 h

after stroke. That the therapeutic window is so narrow has been

explained by the fact that brain infarct evolves very rapidly, typ-

ically within a few hours up to 3–4 days after stroke, depending

on the duration and severity of ischaemia (Garcia et al., 1993;

Namura et al., 1998; Hata et al., 2000; Li et al., 2000;

Hermann et al., 2001). In case of ischaemias exhibiting a severity

that is close to the threshold at which brain infarcts develop, some

Figure 4 Modulation of inflammation, astrogliosis and neuronal survival at mRNA level. Semi-quantitative analysis of selected mRNAs

in the brain of MCAO mice injected i.v. with NPCs. The colour-coded graphs depict the expression profile of a list of selected genes

involved in neuronal survival (A), (astro)-gliosis (B), inflammation (C) and angiogenesis (D). Significant modulation of the genes in the

brains of NPC-treated MCAO mice, when compared with sham-treated controls is observed. Data were determined in the ischaemic

brain hemispheres (ipsilateral to the stroke) and are expressed as mean fold induction (F.I.) as compared with sham-treated mice.

Upregulation may be assumed for values of F.I.51.5 and downregulation for values of F.I.4 0.6.
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continued injury has also been reported outside that time-window

period, i.e. up to 1 week after the ischaemia (Du et al., 1996;

Snider et al., 1999; Hermann et al., 2001; Zheng et al., 2003;

Guadagno et al., 2008). Whether this delayed injury is relevant for

the final functional outcome of stroke remained unclear.

Using a broad set of behavioural neurological, histopathological,

immunohistochemical and molecular biological techniques, we

have characterized the effects of adult syngenic NPCs i.v.-admi-

nistered 72 h after reperfusion (i.e. in delayed delivery approach)

in MCAO mice. We show that NPCs are capable of integrating

into the stroke brain—although at a low percentage (up to

0.28%)—where they are able to survive at least for 30 dpt.

As such, the large majority of transplanted cells remained

mainly in an undifferentiated state throughout the observation

period. This resulted in a hitherto unreported very delayed

structural neuroprotective effect, which we attribute to a

protracted anti-inflammatory effect, occurring soon after cell

transplantation but persisting up to 30 dpt, paralleled by a glial

scar-inhibitory effect. Therefore, our data exemplify that neural

differentiation is not a pre-requisite for adult NPCs to exert their

restorative action thus representing an attractive tool for

stroke treatment.

That NPCs integrate into the stroke brain has been shown

previously (Bliss et al., 2007; Bacigaluppi et al., 2008). In contrast

to the healthy brain, in which intraparenchymally transplanted

NPCs migrate only over small distances and in small numbers,

the ischaemic brain tissue fosters a selective NPC migration

towards the stroke lesion where they eventually differentiate

into functional neural cells (Kelly et al., 2004; Buhnemann et al.,

2006; Darsalia et al., 2007). Whether robust cell replacement is

Figure 5 Reduction of the inflammatory reaction. (A) Quantitative analysis of the CD45+ leukocyte infiltrate area in the peri-ischaemic

boundary zone. (B and C) Low-power images showing the infiltration of CD45+ cells (brown) in the hemisphere ipsilateral to the stroke

in a representative sham- (B) and NPC-treated (C) mice. Nuclei were counterstained with haematoxylin. (D) Quantitative analysis of the

IBA-1+/MHC-II+ activated microglia reaction at 3, 10 and 30 dpt. (E and F) Deconvolved projections of MHC-II (green) immune-

reactivity IBA-1+ (red) microglial cells in the hemisphere ipsilateral to the stroke in representative sham-(E) and NPC- (F) treated MCAO

mice at 10 dpt. Nuclei are in blue (DAPI). (G) Quantitative analysis of IBA-1+ macrophages/microglia in the peri-ischaemic boundary

zone. White bars in A, D and G refer to sham-treated mice, while black bars refer to NPC-treated MCAO mice. Scale bars: B and C,

1 mm; E and F, 40 mm. Data in A, D and G are expressed as mean values� SE. *P4 0.05, **P40.01 compared with sham-treated

MCAO mice.
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indeed responsible for the functional improvement induced by

NPCs was recently challenged by studies using i.v. transplantation

strategies. Early evidence showed a substantial integration and

differentiation of i.v.-injected human- or embryonic-neural stem

cells into neurons and astrocytes in rodents with experimental

intracerebral haemorrhage or focal cerebral ischaemia (Jeong

et al., 2003; Jin et al., 2005). Indeed, more recent studies have

identified an additional bystander immune-modulatory mecha-

nism, sustained and mediated by i.v.-injected NPC, that is capable

of ameliorating clinico-pathological signs of experimental bacterial

collagenase VII-induced intracerebral haemorrhage (Lee et al.,

2008). This latter mechanism is considered one of the main

mechanisms by which systemically injected NPCs exert their ther-

apeutic effects in chronic and acute inflammatory CNS diseases

(the concept of ‘therapeutic plasticity’) (Martino and Pluchino,

2006).

In our study, anti-inflammatory and glial scar-inhibitory effects

might be common mechanistic pathways through which trans-

planted NPCs protected the ischaemic brain from delayed injury.

The anti-inflammatory mechanism in NPC-transplanted mice

is supported by the observed reduction of mRNA levels of

pro-inflammatory mediators (i.e. IFN-g, TNF-�, IL-1b and IL-6)

(Barone et al., 1997; Hallenbeck, 2002; Allan et al., 2005) that

contribute to the detrimental post-ischaemic brain inflammation in

the lesioned areas of transplanted mice and also by the decreased

number of activated microglial cells. This latter evidence, recorded

soon after cell transplantation, was further reinforced by the

reduction of blood-borne CNS-infiltrating inflammatory cells

(CD45+) at 30 dpt. Further, a glial scar-inhibitory effect in

NPC-transplanted mice takes place as suggested by the downre-

gulation of genes promoting astrogliosis (e.g. FGF-II, transforming

growth factor-beta (TGF-b), vimentin) in the lesioned area that

was accompanied by a statistically significant reduction of the

perilesional glial scar thickness at 30 dpt. Although we did observe

a slight but non-significant increase of the total length of

capillaries, vessel density was not altered after NPC treatment.

We favour this as the in vivo proof that NPC treatment did not

induce an angiogenic response. The larger volume of spared stria-

tal in NPC-treated animals can, in fact, explain the increase total

length values.

Figure 6 Reduction of astroglial scar formation. Quantitative analysis of the GFAP+ astroglial scar area (A) and thickness (B) along the

ischaemic border zone. White bars refer to sham-treated MCAO mice, while black bars refer to NPC-treated MCAO mice. Data in B

and C are expressed as mean values and have been obtained from a total of six regions of interest, as shown by the white boxes in A.

GFAP+ astroglial scar thickness (red double arrow) in the hemisphere ipsilateral to the stroke in representative sham- (D) and NPC- (E)

treated MCAO mice at 30 dpt. The white-dashed line outlines the astroglial scar. The green staining in A, D and E is for GFAP.

Scale bars: A, 1 mm, D and E, 20 mm. Data are means� SE. *P40.05, compared with sham-treated mice.
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Finally, we cannot exclude that the anti-inflammatory effects

exerted in MCAO mice transplanted with NPCs is in part exerted

in the body periphery, as recently shown after brain haemorrhage

(Lee et al., 2008). However, we found that soon after MCAO

(e.g. 3 dpt) a comparable number of blood-borne inflammatory

cells infiltrated the CNS, thus indicating that the recruitment of

‘effector’ immune cells from the periphery was not impaired by

the cell treatment and, again, suggesting that the protective effect

may have been induced within the CNS.

By providing a detailed temporospatial analysis, our data

show that focal cerebral ischaemia is followed by delayed neuro-

degenerative process that continues over 410 dpt, i.e. 13 days

after the stroke, resulting in continuous neuronal loss in those

parts of the striatum that survived the ischaemic insult, leading

to secondary lesion growth. In our study, post-acute NPC treat-

ment provided a delayed structural neuroprotective effect—partic-

ularly evident on striatal medium spiny neurons—despite the fact

that treatment was initiated far beyond established time-windows

Figure 7 Support of neuronal survival. Neuronal survival in the cortex (A) and striatum (B) ipsilateral to the stroke. Data are expressed

as percentage of NeuN+ cells (over contralateral hemisphere). (C) Representative staining for NeuN (red) of the ischaemic hemisphere

at 30 dpt. White boxes indicate the five cortical (a) and six striatal (b) fields selected for cell countings shown in A and B. Absolute

numbers of NeuN+ (D), D2-Receptor+ (E), Darpp-32+ (F) and ChAT+ (G) neurons in the total unlesioned striatum of the ischaemic

hemisphere quantified using the method for unbiased stereological counting of cells based on the optical fractionator method. 3D

reconstructions in (F) from two representative sham- and NPC-treated mice (left and right, respectively) showing surviving Darpp-32+

cells in the hemisphere ipsilateral to the lesion. White bars refer to sham-treated MCAO mice, while black bars refer to NPC-treated

MCAO mice. Data are means� SE. *P40.05, **P40.01 compared with sham-treated mice.
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for neuroprotection. We tend to attribute this late effect to the

early anti-inflammatory effect we observed.

A significant downregulation of TNF-�, a known pro-

inflammatory cytokine exerting a profound pro-apoptotic effect

(Kaushal and Schlichter, 2008), was observed in the striatum of

NPC-treated mice. Downregulation of IFN-g is also worth men-

tioning. It has been shown that IFN-g is able to induce apoptosis

by increasing expression of death receptor on target cells (Furlan

et al., 2001; Hallenbeck, 2002). Considering that neuronal cells do

express death receptors such as tumour necrosis factor receptor-1

(TNFR1) (Haase et al., 2008), it is tempting to speculate that

the reduction of IFN-g secretion within the lesioned area

might contribute per se to the pro-survival neuronal effect.

Further, the importance of both TNF-� and IFN-g is emphasized

by the demonstration that antagonization of the production

of either of these inflammatory cytokines significantly prevented

secondary infarct growth after stroke (Liesz et al., 2009). The

reduction of expression of genes coding for cell death molecules

(e.g. caspase-3) in transplanted mice would further support

this view.

This immune-modulatory, rather than immune-suppressive

action exerted by NPCs may be of pivotal interest as stroke is

accompanied by an early peripheral immunodeficiency phase

(Meisel et al., 2005; Offner et al., 2006; Offner et al., 2009)

that limits the application of systemic immunosuppressive

therapies.

Our data exemplify that delayed structural injury indeed exists

after ischaemic stroke, and that this injury can be partially reversed

by NPC transplantation leading to clinically relevant functional

neurological improvements. As these structural changes were

observed in a time-window in which remodelling and plasticity

processes are very active in the tissue, our data question whether

delayed degeneration and remodelling should indeed be regarded

as distinct phenomena. Indeed, it has previously been shown that

successful remodelling is accompanied by structural changes both

in ischaemic tissue and remote from it. As such, remodelling of

axonal fibre bundles (Jiang et al., 2006) associated with an

increase in the thickness of the CC (Shen et al., 2006) has been

reported in stroke animals exhibiting enhanced motor recovery

after treatment with bone marrow cells. Yet in this study, the

structural changes seen were interpreted as consequence of

delayed neuroprotection rather than post-acute plasticity.

In conclusion, our data support the concept that transplanted

NPCs, remaining undifferentiated, might promote recovery from

ischaemic injury via a multifaceted therapeutic response. This is

preferentially exerted through an anti-inflammatory effect that

leads to decreased glia scar formation and protects the brain

from delayed injury. Based on our here-presented results, cell-

based strategies may particularly be attractive for this kind of

tissue injury.

Supplementary material
Supplementary material is available at Brain online.

Figure 8 Reduction of apoptosis and of CC atrophy. Quantitative analysis of activated caspase 3+ (A) and Terminal deoxynucleotidyl

transferase dUTP nick end labeling (TUNEL+) cells (B) in the ischaemic hemisphere and representative images for TUNEL+ cells in sham-

and NPC-treated mice at 3 dpt. (C) Cresyl violet-based quantification of the CC thickness at 30 dpt. The red line in the micropho-

tographs refers to the measured area of the CC. White bars refer to sham-treated MCAO mice, while black bars refer to NPC-treated

MCAO mice. Scale bar: 40 mm (B) and 300mm (C). Data are means� SE. *P40.05, compared with sham-treated mice.
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