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Abstract 

 

It has been unclear whether cortical ischemic stroke induces neurogenesis or neuronal 

DNA-rearrangements in humans. We show here that neither is the case, using 

immunohistochemistry, transcriptome-, genome- and ploidy-analyses, and 

determination of nuclear bomb test-derived 14C in neuronal DNA. A large proportion 

of neurons display DNA-fragmentation and DNA-repair short time after stroke, 

whereas neurons at chronic stages after stroke show DNA-integrity, demonstrating the 

relevance of an intact genome for survival. 

 

 

 

 



 The generation of neocortical neurons is restricted to development and they 

are not exchanged in adulthood in healthy humans1, 2. However, cortical ischemic 

stroke in animal models and humans has been suggested to induce both neurogenesis3-

5 and neuronal DNA rearrangements6, which could contribute to post-stroke recovery. 

We have assessed, in post-mortem tissue from individuals who survived stroke and 

died from non-neurological causes (supplementary Table 1), whether cortical cerebral 

ischemia induces neurogenesis, causes DNA rearrangement or triggers DNA-repair.  

 

To characterize DNA content alterations in neurons after ischemic stroke, 

neuronal nuclei from human healthy and ischemic cortical stroke tissue were isolated 

by flow cytometry (Fig. 1a and supplementary Fig. 1 and supplementary Fig. 2). DNA 

staining established that the vast majority of neuronal nuclei were diploid. However, 

there was a small population (<2%) with a DNA content corresponding to a polyploid 

genome (Fig. 1b). FISH analysis of isolated neuronal nuclei with probes for the 

centrosome on chromosome 7 revealed, however, that all stroke tissue-derived 

neuronal nuclei (n=100) from either the diploid (Fig. 1c-e) or polyploid fraction (Fig. 

1f-h) showed only two FISH signals. Hence, neuronal nuclei of the polyploid fraction 

represented aggregates of diploid nuclei. In addition, whole exome sequencing was 

performed to assess copy number variations (CNV) in the neuronal cell population of 

two different patients (#10 and #11) with ischemic stroke (Fig. 1i and supplementary 

Table 1). There were no significant CNV in the neuronal population of the penumbra 

adjacent to the ischemic core as compared to the contralateral cortex. There was no 

evidence for aneuploidy or DNA content alternations of cortical neurons after 

ischemic stroke in humans.  

 



To analyze whether ischemia induces genomic DNA fragmentation in 

neurons, that might be counteracted by endogenous DNA-repair mechanisms7, the 

degree of DNA breaks was determined by the Comet assay (Fig. 2a-c). FACS-isolated 

neuronal nuclei showed a significant higher level (p<0.05) of DNA fragmentation 

after acute/subacute ischemic cortical stroke as compared to healthy human cortex 

and chronic stroke lesions (Fig. 2d). Moreover, a substantial proportion (19-22%) of 

neurons in the penumbra 7-20 days after stroke showed an up-regulation of markers 

for DNA damage (double-strand breaks, Fig. 2e) and repair (base excision, Fig. 2f), 

which were not detected in healthy cortex tissue (transiently evident in mice8) nor in 

chronic stroke lesions (Fig. 2g). Of note, DNA repair-positive neuronal nuclei in three 

cases of subacute cortical ischemic stroke were negative for markers of apoptosis 

such as caspase3 and TUNEL (data not shown). In humans, ischemia-induced 

neuronal DNA repair has not been reported in non-apoptotic neurons and might be a 

prerequisite for neuronal survival. 

 

Genomic rearrangements that may occur after neuronal DNA repair in 

response to fragmentation - similar to chromothripsis as described recently in tumor 

tissue9 – can be detected by the presence of fused gene transcripts. Transcriptome 

analysis by RNA-sequencing provided no evidence for substantial gene fusion events 

in ischemic cortical stroke tissue as compared to healthy cortex (supplementary Table 

2). Thus, cortical neurons surviving ischemic stroke in humans have intact genomes 

without significant genomic rearrangements or translocations. 

 

To assess the age of cortical cells after stroke, we determined the radiocarbon 

(14C) concentration in their genomes. Retrospective 14C dating has previously been 



established the birthdate of cells1, 10 and to quantify the presence of neurogenesis11, or 

the lack thereof2, 12. The 14C concentration in the DNA of neurons of healthy occipital 

control cortex was not significantly different from atmospheric 14C concentrations at 

the time of birth of the subjects (Fig. 3a and supplementary Table 3), indicating no 

postnatal neurogenesis, as described previously1, 2. The DNA of human cortical 

neurons surviving ischemic stroke for at least two years was as old as the subject (Fig. 

3b). This establishes that ischemic cortical stroke does not elicit any detectable 

neurogenesis or extensive DNA synthesis within 2-13 years after the ischemic event.  

 

Consistent with a lack of any sustainable neurogenesis, we could not find any 

neuron in the adult human cortex, even after stroke, devoid of the age pigment 

lipofuscin (supplementary Fig. 3), which postmitotic cells accumulate with age13. 

However, in the penumbra adjacent to the stroke lesion core, the proportion of 

neurons with the most abundant lipofuscin deposits was lower than in control tissue 

from the contralateral hemisphere, raising the possibility that high lipofuscin levels 

may represent a predisposing factor for ischemic neuronal death. 

 

In contrast to the neuronal populations, the radiocarbon analyses revealed that 

the 14C concentration in DNA from the non-neuronal cell populations in the stroke 

lesions, i.e. glia cells, vascular cells and other cells types involved in post-ischemic 

lesion consolidation, was in average higher compared to controls (p<0.05) (Fig. 3c), 

indicating, as expected, an increased cellular turnover after ischemic stroke. 

Regression analyses indicated that the addition of new (non-neuronal) cells might not 

only be restricted to the time of stroke but continues in the years after stroke.  

 



 The present data uncover that, contrary to some experimental studies in animal 

models14, 15, the adult human neocortex is incapable of regenerating neurons, even in 

response to stroke. Moreover, although we found evidence for DNA fragmentation 

and repair in neurons in the penumbra of the stroke, their genomic DNA had a 14C 

concentration corresponding to the time of birth of the individual. Together with 

analysis of ploidy and genomic integrity, this suggests that there is little plasticity 

both in terms of neurogenesis or genomic rearrangements in human cortical neurons. 

Thus, the neurons that remain close to a stroke were generated during development 

and only neurons without too extensive DNA damage survive long-term.   
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Figure 1. 

DNA content in human neurons following cortical ischemic stroke. 

(a) Isolation of neuronal nuclei from the cerebral cortex by FACS. (b) DNA content 

analysis showed a small fraction of sorted neuronal nuclei with a higher DNA content 

(< 2%). FISH analysis of the NeuN-positive diploid (c-e) and polyploid nuclei (f-h) 

revealed that all nuclei with higher DNA content are doublets or larger aggregates. 

The dashed line indicates the nuclei borders of the doublet. (i) Comparison of copy 

number variations (CNVs) of neurons in healthy control cortex and post-ischemic 

cortex of the same patient analyzed by whole-exome sequencing of DNA. There were 

no significant changes between lesion (upper panel) and healthy tissue (lower panel) 

and no evidence of CNVs in cortical neurons after ischemic stroke. 

 

Figure 2.  

Ischemic cortical stroke-induced DNA fragmentation is followed by DNA-repair 

in surviving neurons. 

DNA-fragmentation assay (Comet) of neuronal nuclei graded as “intact nuclei” (a), 

“incomplete” (b) or “full” comet tail (c). DNA-fragmentation analysis in control 

cortex, subacute and chronic ischemic stroke tissue revealed a significantly higher 

proportion of full Comets in subacute stroke as compared to healthy and chronic 

stroke samples (p<0.05) (d). Baseline DNA-fragmentation in healthy controls and 

chronic stroke subjects reflected most likely post-mortem DNA degradation. DNA 

repair markers, γ-H2AX (e and g) and APE-1 (f and g) were up-regulated in the 

penumbra of cortical neurons (arrows) and non-neurons (arrowheads) 7-20 days after 

the ischemic lesion.  

 



 

Figure 3. 

14C concentrations in DNA of cortical cells following ischemic stroke. 

(a) Genomic 14C concentrations in cortical neurons contralateral to the lesion were not 

significantly different from atmospheric 14C concentrations at the time of birth of the 

subject, indicating no postnatal neurogenesis (subjects 1 to 11). (b) 14C concentrations 

of neuronal DNA in ischemic cortical lesions were not significantly different from the 

control cortices, indicating that ischemic stroke did not lead to the generation and 

survival of new neurons. The individual time-point of the ischemic stroke is indicated 

with a vertical arrow. (c) Genomic 14C concentrations of non-neuronal cells in the 

control cortex (light blue) and stroke lesion (orange); pairwise vertical plotting of 

both data points of each individual at the corresponding year of birth of the 

individuals (numbered as in a and b). (a-c) Error bars indicate two standard deviations 

in 14C concentration in the respective DNA sample. Note, that all autopsies were 

performed in 2011 and 2012 (see supplemental table 1). 
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