
Accumulation of nuclear DNA damage or neuron loss: Molecular
basis for a new approach to understanding selective neuronal
vulnerability in neurodegenerative diseases

Ivona Brasnjevica,b, Patrick R. Hofc, Harry W.M. Steinbuscha,b, and Christoph Schmitza,b,*

a Department of Psychiatry and Neuropsychology, Division of Cellular Neuroscience, School for
Mental Health and Neuroscience, Maastricht University, Maastricht, The Netherlands b European
Graduate School for Neuroscience (EURON), Maastricht, The Netherlands c Department of
Neuroscience, Mount Sinai School of Medicine, New York, NY, USA

Abstract
According to a long-standing hypothesis, aging is mainly caused by accumulation of nuclear (n)
DNA damage in differentiated cells such as neurons due to insufficient nDNA repair during
lifetime. In line with this hypothesis it was until recently widely accepted that neuron loss is a
general consequence of normal aging, explaining some degree of decline in brain function during
aging. However, with the advent of more accurate procedures for counting neurons, it is currently
widely accepted that there is widespread preservation of neuron numbers in the aging brain, and
the changes that do occur are relatively specific to certain brain regions and types of neurons.
Whether accumulation of nDNA damage and decline in nDNA repair is a general phenomenon in
the aging brain or also shows cell-type specificity is, however, not known. It has not been possible
to address this issue with the biochemical and molecular-biological methods available to study
nDNA damage and nDNA repair. Rather, it was the introduction of autoradiographic methods to
study quantitatively the relative amounts of nDNA damage (measured as nDNA single-strand
breaks) and nDNA repair (measured as unscheduled DNA synthesis) on tissue sections that made
it possible to address this question in a cell-type-specific manner under physiological conditions.
The results of these studies revealed a formerly unknown inverse relationship between age-related
accumulation of nDNA damage and age-related impairment in nDNA repair on the one hand, and
the age-related, selective, loss of neurons on the other hand. This inverse relation may not only
reflect a fundamental process of aging in the central nervous system but also provide the
molecular basis for a new approach to understand the selective neuronal vulnerability in
neurodegenerative diseases, particularly Alzheimer’s disease.
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1. Introduction
Aging of the brain is an unavoidable process characterized by a large array of alterations in
structure and function, eventually leading to brain dysfunction and cognitive decline.
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Importantly, many basic processes involved in aging of the central nervous system (CNS)
contribute to prevalent age-related neurodegenerative diseases like Alzheimer’s disease
(AD) and Parkinson’s disease (PD) [1]. Aggregation of modified proteins, disturbance in
iron homeostasis, protein and DNA modifications and damage, oxidative stress and
impairment of energy production are some of the key mechanisms linking aging to
neurodegeneration [2–6]. It was thought for decades that neuron loss plays a key role in the
aging process of the CNS [7]. However, more recent research applying advanced
quantitative histologic techniques demonstrated that this is not the case (discussed in detail
in Section 5). Accordingly, age-related cognitive decline cannot be simply explained as a
result of age-related neuron loss.

Increasing evidence suggests in fact that accumulation of DNA damage (both nuclear (n)
DNA and mitochondrial (mt) DNA) within specific types of neurons likely represents a
critical contributor to the aging process [5,8–10] (discussed in detail in Section 4; the role of
mtDNA damage in brain aging is, albeit interesting, beyond the scope of this paper). On the
other hand, very little is yet known as to why age-related accumulation of nDNA damage
causes age-related neurodegeneration. One intriguing possibility may be that this is due to
an imbalance between increasing nDNA damage (mostly because of increased oxidative
stress conditions during aging; discussed in detail in Section 2) and the cells’ limited
capacity to repair this nDNA damage. Unrepaired or improperly impaired nDNA damage
can then have deleterious consequences for neurons in the aging brain such as impaired
transcription, genomic instability, dysregulation of cellular functions, cellular senescence
and ultimately cell death [11].

However, if accumulation of nDNA damage would occur to the same amount in all types of
neurons it would be difficult to assess its possible role in the selective neuronal vulnerability
of aging and neurodegenerative diseases (discussed in detail in Section 6). In this regard it is
important to note that nDNA damage and nDNA repair processes have been mostly
investigated using biochemical or, more recently, molecular-biological techniques in tissue
homogenates. This, however, prevents cell-type-specific analyses that are crucial in
understanding the molecular mechanisms involved in brain aging. Astrocytes,
oligodendrocytes, microglial cells and endothelial cells in blood vessels likely show
substantial differences to neurons, and even within a given brain region different types of
neurons may show differences in age-related accumulation of nDNA damage (such as
granule and pyramidal cells in the hippocampus, or granule and Purkinje cells in the
cerebellum). The introduction of autoradiographic methods by Korr and coworkers in the
last 25 years to study quantitatively the relative amounts of nDNA damage and nDNA repair
on tissue sections made it possible to get novel, important insights in this regard (details are
discussed in Sections 2 and 3).

The present paper gives a short overview on the role of reactive oxidative species in
generating nDNA damage, the techniques to study nDNA damage and nDNA repair, the
age-related accumulation of nDNA damage and decline in nDNA repair in neurons, age-
related neurodegeneration and potential roles of accumulation of nDNA damage and neuron
loss in the selective neuronal vulnerability in neurodegenerative diseases, particularly AD.
Therapeutic strategies aiming at preventing age-related nDNA damage, improving the
efficacy of nDNA repair mechanisms and their capacity or, ultimately, eliminating those
neurons that show the highest amount of nDNA damage may be of crucial importance in
effective prevention of age-related neurodegeneration and age-related neurodegenerative
diseases.
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2. Reactive oxygen species and nuclear DNA damage
Reactive oxygen species (ROS) are continuously formed as a consequence of normal
metabolism and in response to environmental factors such as UV light, ionizing radiation,
heat and pollution [12–16]. ROS encompass a variety of chemical species including
superoxide anions (O2

•), hydroxyl radicals (•OH) and hydrogen peroxide (H2O2) [14].
Metabolic stress inevitably rises the levels of ROS in tissue. If the amount of ROS
overwhelms the capacity of cells to counteract these harmful species, oxidative stress occurs
and can induce various types of cell damage such as modifications of proteins, lipids and
DNA leading to mitochondrial and ultimately cellular dysfunction [14,15,17].

Neurons seem to be particularly vulnerable to oxidative stress due to the substantial amount
of oxygen consumption by the brain, the low glutathione content and a high proportion of
polyunsaturated fatty acids in neurons [18,19]. Furthermore, neurons are postmitotic cells
which implies that, in case they are irreversibly damaged or lost, they cannot be replaced.

Accumulation of nDNA damage in neurons has long been suggested to be one of the major
forms of damage involved in brain aging and neurodegeneration [5,8,9,20–22]. More than
100 different types of nDNA lesions have been reported, including base modifications (for
instance, 8-oxo-7,8-dihydro-2′-deoxyguanosine [8-oxo-dG], thymidine glycol, and 8-
hydroxycytosine), single- and double-strand breaks, and interstrand cross-links [23–25].
Among these, nDNA single-strand breaks (SSBs) are the most common ones (thousands per
cell per day) and are the most common lesion induced by ROS and exogenous genotoxins
such as ionizing radiation and alkylating agents [25–29].

Many methods have been developed to detect nDNA damage (reviewed in, e.g., [25,30,31]).
All these methods have advantages, yet all suffer from limitations and none of them is
universally applicable. The major drawback of all these methods stems from the fact that
identification of nDNA damage relies on a single parameter reflecting changes in
biochemical or molecular attributes of the cells under study. Accordingly, these methods
cannot be used to investigate nDNA damage of the brain in a cell-type-specific manner.

The Klenow method (Klenow fragment of DNA polymerase I-mediated biotin-dATP nick-
end labeling [32,33] and the TUNEL method (terminal deoxynucleotidyl transferase (TdT)-
mediated dUTP nick-end labeling [34,35]) detect nDNA damage on tissue sections. Thus,
they make it possible to study nDNA damage in a cell-type-specific manner (note that the
TUNEL method is widely applied to detect programmed cell death, i.e., apoptosis [34,36]
even though this has been challenged in the literature [37,38]). However, due to the
properties of the enzymes involved in the Klenow and TUNEL assays, multiple types of
DNA breaks are labeled by these techniques [33,35].

To overcome these limitations, in situ nick translation (ISNT) in combination with
autoradiography was further developed by Korr et al. [39] to detect a certain type of nDNA
damage (i.e., nDNA SSB) on tissue sections quantitatively, in a cell-type-specific manner.
The basic concept of ISNT, originating from molecular biology [40], is to label nDNA SSBs
in cell nuclei by insertion of tritiated deoxythymidine 5′-triphosphate ([3H]dTTP) into the
nDNA mediated by E. coli DNA polymerase I [41,42] (Fig. 1a). The DNA polymerase I
holoenzyme possesses three distinct elementary activities, namely a 5′ → 3′ exonuclease
activity, a 3′ → 5′ exonuclease activity, and a 5′ → 3′ polymerase activity [41]. Accordingly,
the ISNT method has the capacity to detect nDNA SSB by both “nick translation” and “gap
filling”. This contrasts with the Klenow fragment of DNA polymerase I which contains the
5′ → 3′ polymerase activity [43] required for gap filling but does not contain the 5′ → 3′
exonuclease activity required for nick translation [44]. Thus, more nDNA strand breaks can
be detected when using E. coli DNA polymerase rather than the Klenow fragment.
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Afterwards the process of inserting [3H]dTTP into the nDNA can be visualized by
autoradiography [10,39]. By selecting a suitable exposure time of the autoradiographs and
after employing several correction steps, single silver grains over the cell nuclei can be
counted and results obtained on different cell types can be directly compared to each other
(Fig. 2) [21,45–47]. (In a pilot experiment comparing the use of E. coli DNA polymerase
with the use of the Klenow fragment we found a threefold higher autoradiographic signal
with E. coli DNA polymerase than with the Klenow fragment; Korr et al., unpublished
results). Of note, it should be recognized that ISNT can also be applied on archived sections
for example from human postmortem brains. Visualization of ISNT with autoradiography is
the only method to quantify ISNT on tissue sections, which cannot be achieved with
immunohistochemistry as initially introduced by Iseki and Mori [41]. Furthermore, ISNT
performed with autoradiography works linearly, an increased autoradiographic grain number
being to the direct reflection of an increased number of nDNA SSB [48,49]. For technical
details on the ISNT method and related autoradiographic techniques, see Refs. [39,45–
47,50,51] by Korr and co-workers, and additional literature citations therein.

What is the neurobiological significance to measure the (relative) amount of nDNA SSB in
neurons? As mentioned above, nDNA SSB are the most common endogenous lesions arising
in cells and are also the most common lesions induced by exogenous genotoxins such as
ionizing radiation and alkylating agents. Direct nDNA SSB are characterized by the
disintegration of damaged sugars and arise primarily from attack by free radicals such as
ROS. In contrast, indirect nDNA SSB are characterized by enzymatic cleavage of the
phosphodiester backbone and are mainly normal intermediates of DNA base excision repair
(BER) (addressed in Section 3). Nuclear DNA SSB are probably not permanent breaks but
are repaired by a process called SSB repair [25,26,28]. Accordingly, a rise in the level of
nDNA SSB can be the result of a shift in the balance between nDNA damage and nDNA
repair, which has a very high fidelity. Thus, a higher level of nDNA SSB (and thus, a higher
signal in ISNT autoradiographs) can be interpreted as a higher steady state level of damaged
nDNA in the investigated tissue. Note that ISNT cannot be used to measure mtDNA SSBs in
situ [10,39].

To summarize, ISNT is a powerful method to study the relative amount of nDNA SSB (i.e.,
the most common form of nDNA damage) on tissue sections quantitatively, cell type
specifically and in situ. The impact of this technique to study age-related alterations in the
amount of nDNA damage in the CNS and its possible impact on the development of
neurodegenerative diseases is addressed in Sections 4 and 6.

3. Nuclear DNA repair
As mentioned in Section 2, the nDNA is continuously damaged by exogenous and
endogenous agents and chemicals, which generate many types of lesions throughout the
genome. To counteract this nDNA damage, cells harbor a complex system of enzymes
collectively called nDNA repair systems (for review see [52–57]). The nature of the nDNA
repair system that comes into operation when nDNA damage occurs depends upon the type
of nDNA damage, the tissue under consideration and the replicative potential of the cells in
the tissue. At least five partly overlapping nDNA repair pathways operate in mammals: (i)
BER that repairs nDNA base alterations that have not distorted the nDNA helix, including
oxidative base modifications and base alkylations (for review see [58,59]); (ii) nucleotide
excision repair (NER) that repairs bulky nDNA helix-distorting lesions (see [60–62] for
review); (iii) SSB repair (SSBR) that repairs nDNA SSBs (for review see [25,26,52]); (iv)
double-strand break repair (DSBR) that repairs nDNA double-strand breaks (for review see
[63]); and (v) mismatch repair (MMR) that removes mispaired bases and small insertion–
deletion mispairs resulting from replication errors (for review see [64]). For sake of
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completeness it should be mentioned that DSBR consists of two subpathways, namely the
homologous recombination and non-homologous end-joining [62,65].

There are two major differences between BER and NER. Firstly, during NER approximately
30 nucleotides around the nDNA lesion are excised and replaced but only one or two
nucleotides around the nDNA lesion during BER [58–62]. Secondly, NER has been shown
to occur preferentially coupled to transcription (reviewed in [66–68]). This is probably not
the case for BER [69].

As in case of nDNA damage, a variety of methods have been developed to assess nDNA
repair processes. Some of these methods are based on the detection of chromosome
breakage (reviewed in [70]) including the Comet assay (see [71–73] for review). Other
approaches measure the activity of nDNA repair enzymes [74,75] or the amount of damage
localized to a plasmid (i.e., to exogenous DNA) that a cell can “reactivate” or repair (so-
called host cell reactivation; reviewed in [76]). The common limitation of these methods is
that they cannot be used to investigate nDNA repair processes ongoing in the brain in a cell-
type-specific manner.

Importantly, the most common forms of nDNA damage caused by endogenous sources such
as ROS are those repaired by BER and SSBR and these nDNA repair processes are (almost
probably) not linked to transcription (as outlined above). It is therefore attractive to study
nDNA repair in neurons by measuring so-called unscheduled DNA synthesis (UDS), i.e.,
nDNA synthesis outside the S-phase, particularly in non-proliferating cells [77,78]. Briefly,
resynthesis of nDNA following the excision of nucleotides (which occurs in both BER and
SSBR; [52,58]) is an essential step in UDS [77]. Therefore, UDS can be labeled by the
incorporation of [methyl-3H]thymidine ([3H]TdR), for example, into the nDNA (Fig. 1b).
Resynthesis of nDNA (i.e., filling the gap after the excision of nucleotides) is the primary
responsibility of DNA polymerase β (Polβ) [29]. Usually Polβ inserts a single nucleotide.
However, on occasion Polβ can extend the gap by 2–15 nucleotides. This has been most
extensively studied during BER, which is consequently subclassified into two pathways,
denoted single nucleotide repair or long patch repair, respectively [29]. A similar dichotomy
is likely to exist for the repair of direct SSBs [29]. Accordingly, it is reasonable to assume
that the majority of [3H]TdR incorporated into the nDNA during UDS represents long patch
repair events during BER and SSBR rather than single nucleotide repair events during BER
and SSBR. However, studies describing the relative amount of long patch repair events and
single nucleotide repair events during BER and SSBR in vivo have not been published.

Incorporation of [3H]TdR into the nDNA can then be detected by liquid scintillation (see,
e.g., [79]) and, as established by Korr et al. [20,21,39,80–82], with autoradiography on
tissue sections after injection of [3H]TdR in animals. The latter provides a quantitative read-
out of UDS in a cell-type-specific manner. Note that measuring UDS with autoradiography
does also work linearly, with increased autoradiographic grain numbers being a direct
reflection of increased amounts of UDS [81]. Unfortunately, [3H]TdR injected into animals
is available in the tissue only for approximately 2 h. Accordingly, the relative amount of
[3H]TdR incorporated into the nDNA during UDS is very small compared to the total
amount of thymidine in the nDNA. However, due to the fact that the silver grains in the
autoradiographs are generated as the product of 3H-activity multiplied by the
autoradiographic exposure time, very small amounts of 3H-activity incorporated into the
nDNA can also be demonstrated provided the exposure time is extended to several months
(see [50] for details). As such, an exposure time of 250 days (approximately 9 months) is
suitable to demonstrate UDS under physiological conditions in the brain of rodents
[20,21,39,80–82]. Then single silver grains over the cell nuclei can be counted and, after
correction for autoradiographic background, β-self-absorption, and nuclear size, the results
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obtained on different cell types can be directly compared to each other (for details see
[21,50,80,81]). Several studies have addressed the validity of this method (see, e.g., [83–
85]).

The neurobiological significance to measure the (relative) amount of UDS in neurons with
autoradiography is that it is the only method available to get insights into the amount of
nDNA repair processes ongoing in the brain under physiological or pathological conditions
in a cell-type-specific manner. Differences in the signal in UDS autoradiographs obtained
over cell nuclei can be interpreted as differences in the amount of nDNA repair ongoing in
the tissue under study. Furthermore, this method can also be used to measure the extent of
cytoplasmic mtDNA synthesis quantitatively in a cell-type-specific manner [20,21,82]. As
there is no UDS-like pathway for repairing mtDNA damages that could be detected with
autoradiography, mtDNA synthesis indicates the biogenesis of new mitochondria, occurring
in all types of cells during the replacement of damaged, lysosomally digested mitochondria
as well as for increasing the number of mitochondria per cell in order to improve cellular
energy supply (details are provided in [82]). It should be mentioned that there are two major
limitations related to the analysis of UDS with autoradiography: it does not allow to
distinguish between the different nDNA repair pathways outlined above, and it does
obviously not allow to study nDNA repair in a gene-specific manner. Nevertheless, the
impact of this method on the study of age-related alterations in the amount of nDNA repair
in the CNS and on the development of neurodegenerative diseases is addressed in Sections 5
and 6.

4. Age-related accumulation of nDNA damage and decline in nDNA repair in
neurons

According to a hypothesis by Gensler and Bernstein [86] aging is mainly caused by
accumulation of nDNA damage in differentiated cells such as neurons due to insufficient
nDNA repair during lifetime. To explore further this hypothesis studies focused on tissue-
specific changes in nDNA damage profiles during aging but yielded conflicting results
[10,87] (for review see [20]). The use of different methods for detecting nDNA damage and
nDNA repair as well as differences between experimentally induced nDNA damage and
nDNA damage occurring in physiological conditions might have contributed to these
discrepancies. It was the introduction of autoradiographic methods by Korr et al.
[10,20,21,39,47,80–82] to study quantitatively the relative amounts of nDNA damage and
nDNA repair on tissue sections that made it possible to test Gensler and Bernstein’s [86]
hypothesis about the aging brain in a cell-type-specific manner under physiological
conditions. Interestingly, it turned out that the situation in the aging brain is more complex
than predicted by Gensler and Bernstein [86]. Specifically, the relative amount of
spontaneous nDNA repair (measured as UDS) in the mouse brain decreased during aging in
hippocampal pyramidal and granule cells as well as in cortical layer V pyramidal cells and
neurons in the striatum and thalamus but not in Purkinje cells, mitral cells in the olfactory
bulb and large neurons in the lateral vestibular nucleus [20,21]. A similar pattern was then
found for age-related accumulation of nDNA SSBs in the mouse brain: hippocampal
pyramidal and granule cells as well as cortical layer V pyramidal cells, and neurons in the
striatum and thalamus showed an age-related increase in the relative amount of nDNA SSB
whereas Purkinje cells did not [10,88, Brasnjevic et al., unpublished results]. These results
agree with Gensler and Bernstein’s [86] hypothesis of age-related accumulation of nDNA
damage in differentiated cells such as neurons due to insufficient nDNA repair during
lifetime (although no causal relation between the age-related decline in the relative amount
of nDNA repair and the age-related increase in the relative amount of nDNA SSB could be
established in the mentioned studies). However, the results obtained on the Purkinje cells
apparently disagreed with Gensler and Bernstein’s [86] hypothesis. Furthermore, the
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cerebellar Purkinje cells displayed the highest relative amount of nDNA SSB of all
investigated cell types (in young animals approximately three times more than the
hippocampal pyramidal cells; [10]) although the relative amount of nDNA repair was
comparable among Purkinje cells and hippocampal pyramidal cells [20]. The high relative
amount of nDNA SSB observed in Purkinje cells was most probably due to the fact that
these cells are among the largest neurons in the CNS and have an exceptionally high
metabolic demand [89–91]. On the other hand, this high metabolic demand has also been
hypothesized to be involved in the high vulnerability of Purkinje cells under conditions such
as acute hypoxia or seizures [89–91]. Based on these data we have hypothesized that the
lack of age-related increase in the relative amount of nDNA SSB in Purkinje cells does not
reflect an exception from Gensler and Bernstein’s [86] hypothesis but rather indicates a
fundamental difference in the selective neuronal vulnerability of Purkinje cells during aging
compared to the other types of neurons mentioned above. This will be explained in detail in
Section 5.

In summary, the application of the autoradiographic methods introduced by Korr and co-
workers (as mentioned above) has demonstrated that neurons do indeed accumulate nDNA
damage during aging, and this could be due to insufficient nDNA repair during lifetime [86].
However, age-related accumulation of nDNA damage does not occur in all types of neurons
but shows cell-type specificity. It is important to note that the causal relation between age-
related accumulation of nDNA damage and age-related decline in the amount of nDNA
repair has not been established yet. Further studies are needed in this regard, as well as
further studies to understand the molecular mechanisms particularly underlying the age-
related decline in the amount of nDNA repair and the molecular events that lead from
accumulation of nDNA damage to loss of cellular function and, ultimately,
neurodegeneration.

Furthermore, it has been proposed that accumulation of nDNA damage (or, in a broader
sense, the inability of neurons to appropriately handle nDNA damage) serves as molecular
trigger in the etiology of age-related neurodegenerative disorders [92–95]). This aspect will
be discussed in Section 6.

5. Age-related neurodegeneration
Until recently it was widely accepted that neuron loss is a general consequence of normal
aging, explaining the functional decline of the brain during aging (for review see [7,96,97]).
However, with the advent of more accurate procedures for counting neurons, particularly the
application of design-based stereologic techniques (for review see [98–100]), this view has
been modified over the last years. The current view is that there is widespread preservation
of neuron numbers in the aging brain, and the changes that do occur are relatively specific to
certain brain regions and types of neurons [10,96,97,101–108]. For instance, data obtained
in ours and other labs on postmortem brains from humans and non-human primates showed
no evidence of age-related neuron loss in the entorhinal cortex or the hippocampal CA1
region, which are crucial for memory function [101,102,105]. Similarly, the numbers of
pyramidal cells in the entorhinal cortex and hippocampus are conserved in aged rats with
memory deficits [107]. Furthermore, we could recently show that in the aging mouse brain,
total numbers of hippocampal pyramidal and granule cells as well as cortical layer V
pyramidal cells and neurons in the striatum and thalamus are preserved, whereas the total
number of Purkinje cells in the brains from these same mice decrease by approximately 25%
during aging [10,88, Brasnjevic et al., unpublished results]. Importantly, these types of
neurons for which no age-related alterations in total numbers were found were the same that
showed age-related accumulation of nDNA SSB and age-related decline in the relative
amount of nDNA repair (as outlined in Section 4). In contrast, the Purkinje cells were
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reduced in number during aging but showed neither age-related accumulation of nDNA SSB
nor age-related decline in the relative amount of nDNA repair. From these data the question
arises whether the described negative correlation between age-related accumulation of
nDNA damage and decline in nDNA repair on the one hand, and age-related neuron loss on
the other, reflect a causal link between these fundamental processes in the aging mammalian
brain. However, this question cannot be currently answered.

Nevertheless, this negative correlation between nDNA damage, nDNA repair, and neuron
loss indicates that at least in the rodent brain, certain neurons with high amount of nDNA
damage (such as Purkinje cells) will be removed during physiological aging, whereas other
neurons with lower amount of nDNA damage will not. The molecular and cellular
mechanisms underlying this phenomenon in the selective neuronal vulnerability during
aging are currently not understood. There may be a certain threshold level of nDNA damage
beyond which the cells are eliminated. This explanation is in line with our finding that
already at 12 months of age, the relative amount of nDNA SSB in Purkinje cells was
approximately threefold compared to the relative amount of nDNA SSB in hippocampal and
cortical layer V pyramidal cells [10,88]. It is important to realize that even a substantial age-
related amount of neuron loss may not per se result in clinically detectable functional
decline. (At least ataxia, which occurs in ataxia-telangiectasia as a result of severe loss of
Purkinje cells [109] is not a typical clinical feature of aging. On the other hand, a possible
role of Purkinje cell loss in age-related cognitive decline according to the current
understanding of cerebellocerebral interactions in cognition [110,111] cannot be ruled out
and needs to be explored further.) Rather, age-related cognitive decline seems to be
associated with those types of neurons that accumulate nDNA damage but are not reduced in
number over time, i.e., those types of neurons that may not possess appropriate mechanisms
to induce cell death in highly damaged cells [5,10,107]. With respect to the latter,
preservation of brain function during aging might hypothetically some day be reached by
specifically eliminating those neurons that show the highest amount of nDNA damage. It
may be interesting to explore possible treatment strategies to prevent age-related nDNA
damage and improve the efficacy of nDNA repair mechanisms. In this context, mimicking
the molecular and cellular effects of caloric restriction by novel drugs could represent a
promising approach (see [112–114]). However, a detailed discussion of this topic is beyond
the scope of the current paper.

Given the fact that there is almost no neuron loss in the aging cerebral cortex, recent studies
on human postmortem brains and brains from laboratory animals have suggested that age-
related neuronal dysfunction, which must underlie the observed age-related decline in
cognitive function, probably involves a host of other subtle changes within these structures,
such as regression in the complexity of dendrite arborization and dendritic spines, as well as
age-related disturbances in synaptic function and integrity [115–128]. A number of studies
showed that the dendritic arbors and dendritic spines of cortical pyramidal cells undergo
age-related regressive changes in specific regions and layers of the cerebral cortex of
humans and non-human primates [115–117,120,122–125]. Furthermore, it has been
demonstrated that decreased dendritic branching due to aging is accompanied by spine loss
in the mouse visual cortex [118]. In the prefrontal cortex, such dendritic and spine
alterations have been correlated with impairments of memory and cognitive function in aged
monkeys [124,126,129]. Because the dendritic surface receives most of the synaptic input in
a given neuron, alterations in dendritic morphology, and particularly in spine numbers, may
lead to concomitant changes in synaptic density. Interestingly, such a parallel decrease in
spine numbers and synaptic density during aging has been observed in quantitative electron
microscopic studies [124,128].
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Accordingly, structural changes of neurons in the aging brain have been well documented,
but relatively little is known about the possible mechanisms underlying these changes. In
this regard the effects of oxidative stress on the integrity of the nDNA in neurons appear as
one of the most important mechanisms related to neurodegeneration. In line with this view, a
recent study showed that in cultured neurons, the promoters of genes related to synaptic
function, vesicular transport and mitochondrial function displayed specifically an increased
susceptibility to accumulate oxidative stress damage, leading to downregulation of genes
involved in synaptic integrity [6].

In summary, the combined application of autoradiographic methods to study quantitatively
relative amounts of nDNA damage and nDNA repair on tissue sections, design-based
stereology to assess adequately age-related neuron loss, and novel techniques for imaging
and analysis of three-dimensional neural morphology (see also [130]) provide insights into
the relations between molecular events associated with age-related nDNA damage
(according to Gensler and Bernstein’s [86] hypothesis) and age-related neurodegeneration.
However, the molecular mechanisms underlying these age-related changes remain to be
established.

6. Accumulation of nDNA damage or neuron loss: implications for the
selective neuronal vulnerability in neurodegenerative diseases

It is likely that the neurons selectively vulnerable in neurodegenerative diseases share key
biochemical and cellular properties linked to their vulnerability. One such property is the
aggregation of abnormal protein components leading to their selective loss in disorders such
as AD (intra-and extracellular aggregation of amyloid β [Aβ], as well as intracellular
aggregation of hyperphosphorylated tau protein, leading to the formation of neurofibrillary
tangles (NFTs)), Parkinson’s disease (PD; aggregation of α-synuclein, leading to the
formation of intracellular Lewy bodies) and Huntington’s disease (intracellular aggregates
of huntingtin protein) [131–133].

The formation of NFT in AD shows preferential involvement of certain cortical and
subcortical areas, suggesting systematic differences in regional neuronal vulnerability
[134,135]. Furthermore, the spatiotemporal development of NFT in AD is correlated to the
clinical severity of the disease and the cognitive decline of the patients [136]. Initial NFT
formation is found in the transentorhinal region in the temporal lobe. From there, this
process spreads to the entorhinal region, hippocampus and neocortex [106,135,137]. The
heightened vulnerability of neurons in the entorhinal and association cortices has been
related to their high expression level of somatodendritic dephosphorylated neurofilament
protein [138,139] or to their close synaptic relationship with limbic areas [140]. Other
factors discussed in the context of the selective neuronal vulnerability in AD comprise,
among others, early region-specific alterations in the blood–brain barrier [141], high gene
expression of mitochondrial DNA-encoded ND4 (a subunit of complex I of oxidative
phosphorylation) [142], a low portion of L-amyloid β precursor protein (L-APP, the APP
obtained from mRNAs lacking exon 15 of the APP gene by alternative splicing in the
presence of a high APP content) [143], a decrease in some glutamate receptor subunits
expression (particularly GluR2/3) with concomitant alterations of calcium conductance
through AMPA-selective channels and destabilization of intracellular calcium homeostasis
[144], a mutation early in development (blastocyst stage or before) in a mDNA molecule
and/or in the nDNA of the precursor cells of neurons later involved in AD, that impairs
oxidative phosphorylation and increases production of superoxide radical and H2O2 [145],
or the particular vulnerability of brain regions that show accelerated progression during
primate evolution [146,147]. However, none of these possible mechanisms provides a
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comprehensive elucidation of the molecular basis of the selective neuronal vulnerability in
AD.

In this regard it is important to note that several studies have provided evidence that nDNA
damage plays an important role in AD as well as in other neurodegenerative diseases
[93,148–150]. For instance, many TUNEL-positive neurons are detected in postmortem
brains from patients with AD [37,151] and a subset of these cells is known to accumulate
truncated tau [152]. Interestingly, the neurons that show NFT formation in AD are the same
that show age-related accumulation of nDNA damage and decreased amount of nDNA
repair, but no age-related reduction in number, in the mouse brain (as outlined in Sections 4
and 5 above) [5,10,20,21]. It is therefore interesting to hypothesize that the selective
neuronal vulnerability in AD is due at least in part to the fact that in the human brain certain
types of neurons which accumulate nDNA damage but are not removed during aging
become increasingly vulnerable to the NFT formation. Conversely, other types of neurons
(such as cerebellar Purkinje cells) may be protected from NFT formation in AD by the cell
loss during physiological aging (note that this cell loss during aging must not to be confused
with the complex mechanism and pattern of pathological neuron loss of AD [108,138,153]).

PD shows a different selective neuronal vulnerability than AD [135,154] and it is unknown
to which extend the cell-type-specific pattern of Levy body formation and
neurodegeneration in PD matches the pattern of neurons that show accumulation of nDNA
damage but no cell loss during aging. However, the most prominent cell loss in PD affects
the dopaminergic neurons in the substantia nigra pars compacta (SNpc) [154,155]. A recent
study found, using the Comet assay, an age-related increase in the amount of nDNA damage
in this brain region in rats [156]. The high amount of iron found in the SNpc [157,158] may
contribute (via the generation of ROS [157,159]) to age-related accumulation of nDNA
damage and, eventually, loss of the dopaminergic neurons in the SNpc in PD. Further
research is needed in this regard.

In summary, age-related accumulation of nDNA damage in specific populations of neurons
might be among the most important molecular mechanisms in triggering the onset of
neurodegenerative diseases such as AD. Consequently, possible therapeutic strategies to
prevent age-related nDNA damage, to improve the efficacy of nDNA repair mechanisms or
to eliminate those neurons that show the highest amount of nDNA damage may be of crucial
importance in the effective prevention of age-related neurodegenerative diseases.
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Fig. 1.
Principles of in situ nick translation (ISNT) (a) and measuring UDS with autoradiography
(b). For ISNT (a) tissue sections are incubated with a reaction solution containing buffer,
MgCl2, 2-mercaptoethanol, endonuclease-free E. coli DNA polymerase I, dATP, dGTP,
dCTP and [3H]dTTP. The reaction is terminated by washing the slides with buffer.
Afterwards sections are Feulgen-stained (which also removes all [3H] activity not
incorporated into the nDNA; [160–162]), dipped into liquid photoemulsion, exposed, and
developed. Poststaining can be performed with hematoxyline among other standard
histologic stains. For measuring UDS with autoradiography (b) animals are injected with
[3H]TdR and sacrificed 1 or 2 h later. Tissue sections are then also Feulgen-stained, dipped
into liquid photoemulsion, exposed, developed, and poststained. Further details can be found
in [39].

Brasnjevic et al. Page 18

DNA Repair (Amst). Author manuscript; available in PMC 2010 August 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2.
Autoradiographic detection of nDNA single-strand breaks in neurons in the thalamus of a
12-month-old mouse (a and b) and a 28-month-old mouse (c) with in situ nick translation
(ISNT) (Brasnjevic et al., unpublished results; the corresponding experiments were
described in detail in [10]). (a) Background signal in the autoradiographs after performing
ISNT without use of E. coli DNA polymerase I. No silver grains were found after 5 days of
exposure. (b and c) Autoradiographic signal after performing ISNT with E. coli DNA
polymerase I. Note the clearly visible age-related increase in the number of silver grains
over the nuclei in the investigated brain region, indicating an age-related increase in the
relative amount of nDNA single-strand breaks. The scale bar represents 15 μm.
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