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The aging brain: Accumulation of DNA damage or neuron loss?
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bstract

Age-related molecular and cellular alterations in the central nervous system are known to show selectivity for certain cell types and brain
egions. Among them age-related accumulation of nuclear (n) DNA damage can lead to irreversible loss of genetic information content. In
he present study on the aging mouse brain, we observed a substantial increase in the amount of nDNA single-strand breaks in hippocampal
yramidal and granule cells as well as in cerebellar granule cells but not in cerebellar Purkinje cells. The reverse pattern was found for
ge-related reductions in total numbers of neurons. Only the total number of cerebellar Purkinje cells was significantly reduced during aging
hereas the total numbers of hippocampal pyramidal and granule cells as well as of cerebellar granule cells were not. This formerly unknown
nverse relation between age-related accumulation of nDNA damage and age-related loss of neurons may reflect a fundamental process of
ging in the central nervous system.

2005 Elsevier Inc. All rights reserved.
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. Introduction

Compelling evidence in the literature points to a central
ole of accumulation of nuclear (n) DNA damage in the aging
rocess of postmitotic cells such as neurons in the central
ervous system (CNS) [20,21]. However, the aging process
oes not affect the CNS uniformly [29]. Rather various
rain regions and types of neurons differ substantially in the
mount of nDNA damage accumulation during aging [36].
pecifically, more nDNA damage was found in the aging hip-
ocampus than in the aging cerebellum [27]. Furthermore,

e have recently shown for the mouse brain that hippocampal
yramidal and granule cells were affected by an age-related
ecline in the amount of spontaneous nDNA repair whereas
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erebellar Purkinje cells were not [41,42]. Noticeably, other
tudies on rodents have indicated an age-related reduction
n the number of cerebellar Purkinje cells [43,47] whereas
o alterations in the number of hippocampal pyramidal and
ranule cells as well as in the number of cerebellar granule
ells were found during aging [32,43]. In this regard it is
oteworthy to consider that at least hippocampal pyramidal
ells as well as cerebellar granule and Purkinje cells are not
eplenished with age by neuronal progenitor cells [1,4,44].
hus, hippocampal pyramidal cells, cerebellar granule cells
nd cerebellar Purkinje cells which might be lost during aging
annot be replaced by new cells. Based on these findings we
ave hypothesized [36] that neurons in the mammalian CNS
how either an age-related increase in the amount of accumu-

ated nDNA damage, connected with age-related decline in
he ability to properly repair nDNA damage, or an age-related
eduction in number. The aim of the present study was to
est this hypothesis for the aging mouse brain. For this aim,
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oth the relative amount of nDNA single-strand breaks and
he total numbers of cells were measured for hippocampal
yramidal and granule cells as well as for cerebellar granule
nd Purkinje cells in adult and aged animals taken from the
ame cohort of mice aged under controlled conditions.

. Methods

.1. Animals

A cohort of n = 80 male Han/NMRI mice was bred and
oused under specified pathogen free conditions at the Institut
ür Versuchstierkunde, RWTH Aachen University, Aachen,
ermany (four animals per cage, air-conditioned rooms,
0 ◦C, 60% humidity, 12:12 h light:dark cycle with artificial
ights on at 6:00 a.m., ad libitum access to water and Altro-

in standard diet [Altromin, Lage, Germany]). All exper-
ments and investigations were performed in accordance
ith German animal protection law. Of these mice, n = 56
ere allowed to die spontaneously (control group; mean

ge 25.7 ± 3.29 months [mean ± standard deviation; S.D.];
edian [50%] survival 26.1 months; maximum survival 30.3
onths; data provided as requested for experimental aging

esearch in [30]) (Fig. 1). The remaining mice were sac-
ificed at 11.3 ± 0.8 months of age (n = 12; “adult mice”;
00% survival of the control group) as well as at 27.8 ± 0.3
onths of age (n = 12; “aged mice”; 28% survival of the

ontrol group). Six adult and six aged mice were analyzed
ith high-precision design-based stereology [39,40,46] for
olumes of brain regions and region-specific total numbers
f neurons; the remaining six adult and six aged mice were
nvestigated with in situ nick translation in combination with
uantitative autoradiography [21] in a cell type specific man-

er in situ for the relative amount of nDNA single-strand
reaks. Due to differences in requirements for optimum tis-
ue fixation stereologic analyses and investigations of nDNA
ingle-strand breaks could not be done on the same animals.

ig. 1. Survival curve of the mice who died spontaneously (control group;
= 56). The dashed vertical line indicates 50% survival of the cohort (26.1
onths). The solid vertical lines indicate the time points at which adult
ice (mean age 11.3 months) and aged mice (mean age 27.8 months) were

acrificed for analysis.
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o prevent bias in the analyses, it was guaranteed that each
nimal selected for analysis had the same chance to be inves-
igated either with stereology or with ISNT. Furthermore, the

ice did not show obvious alterations in the patterns of sleep
nd activity during aging, which could affect both nDNA
amage and nDNA repair [14].

.2. Analysis of volumes of brain regions and total
umbers of neurons

N = 6 adult mice (mean age = 12.0 ± 0 months;
ean ± S.D.) and n = 6 aged mice (mean age = 27.8 ± 0.3
onths) were anesthetized with chloral hydrate (10%

queous solution, 0.005 ml/g body weight, intraperitoneally)
nd were sacrificed by intracardial perfusion fixation with
ormalin solutions as previously described [37]. After
pening the skulls, the heads of the animals were postfixed
n formalin solution for 24 h at 4 ◦C. Afterwards the brains
ere removed, hemisected exactly in the midsagittal line,

nd further fixed in formalin solution for 10 days at 4 ◦C.
oth brain halves were cryoprotected in sucrose solution

10%, 20% and finally 30% sucrose in 0.1 M Tris–HCl
uffer, 2 × 12 h per solution; 4 ◦C), embedded in Tissue-
ek® (Sakura Finetek) and quickly frozen. Both brain halves
ere stored at −70 ◦C. The right brain halves were entirely

ut on a cryostat (Type HM 500 OMV, Microm, Walldorf,
ermany) to serial, 30 �m thick frontal sections. Every

hird section was selected, mounted on a glass slide, dried,
efatted with Triton X-100 and stained with cresyl violet as
reviously described [37]. Slides were coverslipped using
ePeX (Serva, Heidelberg, Germany). The left brain halves
ere not used in the present study and were stored for future

xperiments.
Stereologic measurements were performed with a

tereology workstation, consisting of a modified light
icroscope (Olympus BX50; Olympus, Tokyo, Japan),
lympus UplanApo objectives (10×, NA = 0.40; 40×, oil,
A = 1.0; 100×, oil, NA = 1.35), motorized specimen stage

or automatic sampling (Ludl, Hawthorne, NY, USA), elec-
ronic microcator (Ludl), CCD color video camera (Hitachi,
okjo, Japan), PC (CoWoTec, Magdeburg, Germany) with
ramegrabber board, and stereology software (StereoInvesti-
ator, MicroBrightField, Williston, VT, USA). After exactly
racing the boundaries of hippocampal pyramidal cell layer
CA1-3), hippocampal granule cell layer and hippocampal
hite matter as well as of cerebellar molecular layer, cerebel-

ar granule cell layer and cerebellar white matter (using the
0× objective) on video images displayed on the monitor,
he volumes of the chosen brain regions were calculated with
avalieri’s principle [8,40] considering the average actual

ection thickness after histological processing. The latter
as measured with the electronic microcator. Total numbers

f hippocampal pyramidal cells (CA1-3) and hippocampal
ranule cells as well as of cerebellar granule and Purkinje
ells were evaluated with the optical fractionator [39,40,46].
ll neurons whose nucleus top came into focus within
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Table 1
Details of the stereologic analyses to estimate total numbers of neurons

Type of neuron Obj. B (�m2) H (�m2) D (�m) t (�m) � OD � Q− CEpred(n)

Hi-PC 100× 900 4 141 8.7 313 913 0.034
Hi-GC 100× 625 4 100 8.5 203 919 0.034
Ce-GC 100× 64 5 250 10.2 446 1.555 0.026
Ce-PC 40× 3600 5 220 10.9 261 507 0.045

Hi-PC, hippocampal pyramidal cells (CA1-3); Hi-GC, hippocampal granule cells; Ce-GC; cerebellar granule cells; Ce-PC, cerebellar Purkinje cells. Obj.,
objective used; B and H, base and height of the unbiased virtual counting spaces; D, distance between the unbiased virtual counting spaces in mutually
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rthogonal directions x and y; t, measured actual average section thicknes
paces used; � Q−, average number of counted neurons; CEpred(n), average
rediction method described in [38,39].

nbiased virtual counting spaces distributed in a systematic-
andom fashion throughout the delineated regions were
ounted. Estimated total numbers of neurons were calculated
rom the numbers of counted neurons and the corresponding
ampling probability. Details of the counting procedure are
ummarized in Table 1. All measurements were performed
y the same person blinded for the age of the mice.

.3. Analysis of the relative amount of n DNA
ingle-strand breaks

N = 6 adult mice (mean age = 10.7 ± 0.5 months) and n = 6
ged mice (mean age = 27.8 ± 0.3 months) were sacrificed
y cervical dislocation. The brains were immediately dis-
ected out and hemisected exactly in the midsagittal line.
ight and left brain halves were embedded in Tissue-Tek®

Sakura Finetek Europe, Zoeterwoude, The Netherlands) and
uickly frozen using a solution of aceton/dry ice at −68 ◦C.
he right brain halves were cut into 10 �m thick sagittal sec-

ions including the hippocampus and the cerebellum on a
ryostat (type HM 500 OM; Microm, Walldorf, Germany).
he sections were mounted on glass slides (SuperFrost Plus,
enzel, Braunschweig, Germany) and stored at −70 ◦C until

urther processing. The left brain halves were not used in the
resent study and were stored for future experiments.

The relative amount of nDNA single-strand breaks was
nvestigated by means of in situ nick translation (ISNT), car-
ied out using a slight modification of the protocol given by

aehara et al. [26] as described in Korr et al. [21]. Briefly,
ections were incubated for 60 min at 37 ◦C with a reaction
olution containing 50 mM Tris–HCl-buffer (pH 7.5), 5 mM

gCl2, 10 mM 2-mercaptoethanol, 200 U/ml of E. coli DNA
olymerase I (endonuclease-free, Boehringer, Mannheim,
ermany), 10 �mol/ml each of dATP, dGTP, dCTP and dTTP

Boehringer) and 15 �l [3H]dTTP/ml (1.03 MBq/ml; Ameri-
an Radiolabeled Chemicals Inc., St. Louis, MO). Incubation
as carried out using special in situ chambers consisting of

mall frames made of silicon (height = 1 mm; comparable to
ustomary adapters for in situ PCR) and coverslips placed

nto the slides. The reaction was terminated by washing the
lides with 50 mM Tris–HCl buffer (pH 7.5). Afterwards the
ections were Feulgen stained, dipped into diluted Ilford K2
mulsion (3:2 with distilled water) at 42 ◦C, exposed for 5

f
G

f

histological processing; � OD, average sum of unbiased virtual counting
ted coefficient of error of the estimated total numbers of neurons using the

ays at 4 ◦C and developed in Amidol (4 min, 18 ◦C). After
oststaining with hematoxylin the autoradiographs were cov-
red with a coverslip using Entellan® (Merck, Darmstadt,
ermany).
Evaluation of the autoradiographs was carried out with a

ight microscope (Olympus BH-2 equipped with a 100× oil
lympus UplanFl objective, NA = 1.30). For each animal,

wo randomly selected, non-adjacent coded autoradiographs
howing the hippocampus as well as two autoradiographs
howing the cerebellum were selected. On each section 50
andomly selected cell profiles of each of the following types
f neurons were investigated regarding the number of autora-
iographic silver grains over the nucleus: hippocampal pyra-
idal cells (area CA1-3), hippocampal granule cells (dentate

yrus), cerebellar granule cells, and cerebellar Purkinje cells.
ounting of silver grains of all types of neurons was per-

ormed by the same person blinded for the age of the mice.
ackground was corrected by investigating autoradiographs
hich were prepared in an identical manner as described

bove except for the application of DNA polymerase I [21].
urthermore, data were corrected for nuclear size, allowing
irect comparisons between different cell types [21]. Again
ll measurements were performed by the same person blinded
or the age of the mice.

.4. Statistical analysis

For each group of mice, mean and standard error of the
ean were calculated for the estimated volumes of the inves-

igated brain regions, the estimated total numbers of neu-
ons, and the cell-type specific autoradiographic silver grain
umbers per nucleus (corrected for background and nuclear
ize). Comparisons between adult and aged animals were
erformed with two-tailed unpaired Student’s t test. Statis-
ical significance was established at p < 0.05/4 (i.e., 0.0125)
onsidering Bonferroni correction, since four different types
f neurons were investigated simultaneously (hippocampal
hite matter, cerebellar molecular layer and cerebellar white
atter were not considered here). Calculations were per-
ormed using GraphPad Prism (Version 4.00 for Windows,
raphPad Software, San Diego, CA).
Furthermore, for each animal and type of neuron, the

requency distribution of the 100 obtained (uncorrected)
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umbers of autoradiographic silver grains was calculated,
ith bin width of one and the center of the first bin at

ero. These frequency distributions were used to calculate
ge-specific, averaged frequency distributions of uncorrected
umbers of autoradiographic silver grains for each type of
euron. For instance, the n = 6 adult mice showed the follow-
ng frequencies of hippocampal pyramidal cells with a total of
ix autoradiographic silver grains over the nucleus: 14, 6, 16,
, 10, 18. Accordingly, the average frequency of hippocampal
yramidal cells in the brains from the adult mice with a total
f six autoradiographic silver grains over the nucleus was 12.
hese averaged frequency distributions of the adult mice were
ompared with the corresponding averaged frequency dis-
ributions of the aged mice using the Kolmogorov–Smirnov
wo sample test. Comparing averaged frequency distributions
onsidered the fact that the 95% critical value (α = 0.05) for
he Kolmogorov–Smirnov two sample test depends on the
umber of data points (which was 200 when comparing two
roups with 100 data points each). Statistical significance
as established at p < 0.0125 considering Bonferroni correc-

ion, since four different types of neurons were investigated
imultaneously. These calculations were performed using
PSS (Version 11.5.0 for Windows; SPSS, Chicago, IL).

. Results
.1. Volumes of brain regions

We found no differences between adult and aged mice
n mean volumes of hippocampal pyramidal cell layer

u
p
g
p

ig. 2. Mean and standard error of the mean (S.E.M.) of volumes of hippocampal
B), cerebellar granule cell layer [Ce-GC] (C), hippocampal white matter [Hi-WM
Ce-WM] (O), mean ± S.E.M. of total numbers of hippocampal pyramidal cells (D
urkinje cells (G), and mean ± S.E.M. of mean autoradiographic silver grain counts
f nDNA single-strand breaks within hippocampal pyramidal cells (H), hippocam
ells (L). V, volume; NN, neuron number; SSB, nDNA single-strand breaks. Clos
**p < 0.001 (results from two-tailed unpaired Student’s t-test).
of Aging 28 (2007) 91–98

CA1-3) (p = 0.281; Fig. 2A), hippocampal granule cell
ayer (p = 0.529; Fig. 2B) and cerebellar granule cell layer
p = 0.630; Fig. 2C) as well as of hippocampal white
atter (p = 0.453; Fig. 2M), cerebellar molecular layer

p = 0.740; Fig. 2N) and cerebellar white matter (p = 0.747;
ig. 2O).

.2. Total numbers of neurons

Adult and aged mice did not differ in mean total numbers
f hippocampal pyramidal cells (p = 0.539; Fig. 2D), hip-
ocampal granule cells (p = 0.583; Fig. 2E) and cerebellar
ranule cells (p = 0.560; Fig. 2F). In contrast, the mean total
umber of cerebellar Purkinje cells was significantly reduced
n the aged mice compared with the adult ones (−25.2%,
= 0.009; Fig. 2G).

.3. Relative amount of nDNA single-strand breaks

For hippocampal pyramidal and granule cells as well as for
erebellar granule cells – but not for cerebellar Purkinje cells
significantly different averaged frequency distributions of

ncorrected numbers of autoradiographic silver grains were
ound when comparing adult with aged mice (p < 0.001 for
ippocampal pyramidal and granule cells as well as for cere-
ellar granule cells, p = 0.587 for cerebellar Purkinje cells)
Fig. 3). The cumulated relative frequency distributions of

ncorrected numbers of autoradiographic silver grains of hip-
ocampal pyramidal and granule cells as well as of cerebellar
ranule cells from the aged mice were shifted to the right com-
ared with the corresponding frequency distributions from

pyramidal cell layer [Hi-PC] (A), hippocampal granule cell layer [Hi-GC]
] (M), cerebellar molecular layer [Ce-ML] (N) and cerebellar white matter
), hippocampal granule cells (E), cerebellar granule cells (F) and cerebellar
corrected for background and nuclear size, representing the relative amount
pal granule cells (I), cerebellar granule cells (K) and cerebellar Purkinje
ed bars, adult animals; open bars, aged animals. *p < 0.0125; **p < 0.005;
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Fig. 3. Cumulated relative frequency (CRF) distributions of uncorrected
numbers of autoradiographic silver grains from adult mice (green lines)
and aged mice (red lines). Dotted lines, individual frequency distributions;
s
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olid lines, averaged frequency distributions. Hi-PC, hippocampal pyramidal
ells; Hi-GC, hippocampal granule cells; Ce-GC, cerebellar granule cells;
e-PC, cerebellar Purkinje cells.

he adult animals (Fig. 3). This indicated that the aged mice
howed on average higher numbers of uncorrected autoradio-
raphic silver grains per nucleus for hippocampal pyramidal
nd granule cells as well as for cerebellar granule cells, but
ot for cerebellar Purkinje cells.

Analysis of autoradiographic silver grains corrected for
ackground and nuclear size resulted in the same finding. The
ean corrected number of autoradiographic silver grains of

ippocampal pyramidal and granule cells as well as of cere-
ellar granule cells was significantly higher in the aged mice
han in the adult ones (+97.6% for hippocampal pyramidal
ells in area CA1-3, p = 0.012; +57.4% for hippocampal gran-

le cells, p = 0.004; and +65.3% for cerebellar granule cells,
< 0.001; Fig. 2H–K). Cerebellar Purkinje cells showed the
ighest mean corrected number of autoradiographic silver
rains of all investigated types of neurons but did not show

a
a
i
g

of Aging 28 (2007) 91–98 95

ifferences in mean numbers between aged and adult mice
p = 0.226; Fig. 2L).

In summary, the autoradiographic analysis with in situ
ick translation demonstrated that cerebellar Purkinje cells
ad the highest relative amount of nDNA single-strand breaks
f all investigated types of neurons. Age-related accumu-
ation of nDNA single-strand breaks was observed for hip-
ocampal pyramidal and granule cells as well as for cerebellar
ranule cells, but not for cerebellar Purkinje cells.

. Discussion

The results of the present study are the first description of
ell-type-specific alterations in the relative amount of nDNA
ingle-strand breaks in situ in the mouse brain during aging,
nd extend earlier reports on region-specific accumulation
f nDNA damage in the aging rodent brain [27] in a cell
ype specific manner. Based on the selection of aged mice
t 28% survival of the control group, our results were nei-
her biased by the “survival-of-the-fittest” effect (which can
e observed at approximatly 40% survival of a cohort; see,
.g., [41]) nor by the “oldest-of-the-old” effect (which can
e observed at approximatly 10% survival of a cohort; see,
.g., [17]). We investigated the relative amount of nDNA
ingle-strand breaks as a measure of nDNA damage since
his kind of nDNA damage is the only one which can be ana-
yzed quantitatively in a cell-type specific manner in situ (with
SNT) [21,26]. Furthermore, nDNA single-strand breaks are
he most common endogenous lesions arising in cells (thou-
ands per cell per day), and are the most common lesions
nduced by exogenous genotoxins such as ionizing radiation
nd alkylating agents [3,5–7]. Direct nDNA single-strand
reaks are characterized by the disintegration of damaged
ugars and arise primarily from attack by free radicals such
s reactive oxygen species. In contrast, indirect nDNA single-
trand breaks are characterized by enzymatic cleavage of the
hosphodiester backbone and are mainly normal intermedi-
tes of DNA base excision repair. Nuclear DNA single-strand
reaks are probably not permanent breaks but are repaired
y a process called single-strand break repair. The same
roup of proteins appear to repair both direct and indirect
DNA single-strand breaks [3,5–7]. Permanent nDNA dam-
ge is invisible to ISNT; neither ISNT can be used to measure
tDNA single-strand breaks in situ. However, a rise in the

evel of nDNA single-strand breaks can be the result of
shift in the balance between nDNA damage and nDNA

epair, which has a very high fidelity. Thus, a higher level
f nDNA single-strand breaks (and, thus, a higher signal in
SNT autoradiographs) can be interpreted as a higher steady
tate level of damaged nDNA in the investigated tissue.

Conflicting reports exist in the literature about age-related

lterations in volumes of hippocampal and cerebellar gray
nd white matter. Our findings of no age-related alterations
n any of the investigated hippocampal and cerebellar subre-
ions in Han/NMRI mice are in line with data from Rapp et al.
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33] who found a decrease only in the volume of the middle
ortions of the dentate gyrus molecular layer, but not of sev-
ral other hippocampal subregions, in aging Long-Evans rats.
n line with these results, Keuker et al. [19] found no alter-
tions in the volumes of subiculum and several hippocampal
ubregions (hilus, molecular layer and granule cell layer of
he dentate gyrus, as well as areas CA1, CA2, CA3) in aging
ree shrews. On the other hand, Dlugos and Pentney [13]
eported an age-related decrease in the volume of the cerebel-
ar molecular layer of male Fischer 344 rats. This discrepancy

ight be due to several reasons since post mortem analyses
f volumes of brain regions on sections can be considerably
ffected by histological processing, which can affect gray
nd white matter differently [22]. This problem does not
ccur in estimates of total numbers of neurons performed with
esign-based stereology [40,46]. Accordingly, the results of
ur investigations on total numbers of hippocampal and cere-
ellar neurons with the optical fractionator are in line with
arious reports on cell type specific neuron loss in the rodent
rain during aging (for details see ref. [36]).

Recently our group showed an age-related decline in the
ate of spontaneous nDNA repair in hippocampal pyramidal
nd granule cells but not in cerebellar Purkinje cells (data of
erebellar granule cells were not unequivocal) by using quan-
itative autoradiography after injection of tritiated thymidine
n the same animal model (i.e., same mouse strain, identi-
al housing conditions at the same animal facility, almost
dentical survival curve) [41,42]. Together with these earlier
ndings, the results of the present study point to the exis-

ence of the following, so far unknown correlation between
DNA damage, nDNA repair and neuron loss in the aging
ammalian brain: certain types of neurons (such as hip-

ocampal pyramidal and granule cells as well as cerebellar
ranule cells) suffer from an age-related accumulation of
DNA damage, but these types of neurons are not reduced in
umber during aging. Other types of neurons (such as cere-
ellar Purkinje cells) are reduced in number during aging,
ut the remaining cells show no age-related accumulation of
DNA damage.

It is tempting to speculate whether this correlation between
DNA damage, nDNA repair and neuron loss in the aging
ammalian brain reflects a causal link between these age-

elated alterations. One possible explanation could be that a
ertain threshold for nDNA damage exists, and cells in which
his threshold is exceeded are eliminated. This explanation is
n line with our observation that at 12 months of age, the
elative amount of nDNA single-strand breaks in cerebellar
urkinje cells was approximately three-fold compared with

he relative amount of nDNA single-strand breaks in hip-
ocampal pyramidal and granule cells as well as in cerebellar
ranule cells. Most probably this high relative amount of
DNA single-strand breaks (reflecting a high steady state of

DNA damage) in cerebellar Purkinje cells is associated with
he very high level of excitatory amino acid synaptic connec-
ions of cerebellar Purkinje cells as well as the exceptionally
igh metabolic demand of this cell type [45], making the cells

(
b
o
t
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electively vulnerable under conditions such as acute hypoxia
9,45] or seizures [12]. On the other hand, our data point
o the existence of (yet unknown) cell-type specific differ-
nces in responses to nDNA damage in the aging mammalian
rain. This is due to the fact that hippocampal pyramidal and
ranule cells as well as cerebellar granule cells of the aged
i.e., 27.8 ± 0.3 months) mice showed relative amounts of
DNA single-strand breaks which were lower than the rela-
ive amount of nDNA single-strand breaks found in cerebellar
urkinje cells of the adult (i.e., 10.7 ± 0.5 months old) mice.
owever, age-related accumulation of nDNA damage plays a

rucial role in impaired protein synthesis, increased produc-
ion of free radicals and the formation of protein aggregations
uring aging, ultimately leading to severe cellular dysfunc-
ion [24,25]. In the human brain age-related DNA damage in
he frontal cortex was reported to be associated with reduced
xpression of genes involved in synaptic plasticity, vesicular
ransport and mitochondrial function, followed by the induc-
ion of genes involved in stress response, antioxidant response
nd DNA repair [25]. There is no evidence in the literature
hat Purkinje cells in the cerebellum of mice specifically suf-
er from these impairments already at 11 months of age. It
ill thus be important to identify cell-type-specific differ-

nces in response mechanisms to nDNA damage in neurons
n vivo, and alterations of these mechanisms during aging.

It has repeatedly been hypothesized that accumulation
f nDNA damage (or, in a broader sense, the inability of
eurons to appropriately handle nDNA damage) may serve
s molecular “trigger” in the etiology of neurodegenera-
ive diseases such as Alzheimer’s disease (AD) [11,18,36],
arkinson’s disease (PD) [34], Huntington’s disease [35],
myotrophic lateral sclerosis [2] and spinocerebellar ataxia
ith axonal neuropathy-1 (SCAN1) [15]. On the other hand,

hese diseases show different selective neuronal vulnerabili-
ies, indicating that other mechanisms than just the inability
o appropriately handle nDNA damage must be involved
n the corresponding etiologies. Indeed, research over the
ast decades has identified these mechanisms, such as the
ole of beta-amyloid in AD [16], alpha synuclein in PD
28] or huntingtin in HD [23]. However, the results of this
esearch have not disproved the hypothesis of inappropriate
andling of nDNA damage being involved in the etiology
f these diseases. We have argued that cell-type specific dif-
erences in accumulation of nDNA damage during aging (as
emonstrated in the present study for the mouse brain) might
e involved in the selective neuronal vulnerability of AD
36,42]. In this regard a very recent study by Rademakers
t al. [31] found evidence for linkage of AD with a candidate
egion at chromosome 7q36. A mutation analysis of cod-
ng exons of 29 candidate genes within this region identified
ne linked synonymous mutation in exon 10 (affecting codon
26) of the PAX transactivation domain interacting protein

PAXIP1) gene [31]. It has been indicated that PAXIP1 might
e involved in nDNA repair [10], suggesting that the results
f Rademakers et al. [31] might indicate a role of accumula-
ion of nDNA damage due to improper nDNA repair in the



biology

e
b
t
i
t

A

d
A

R

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

B.P.F. Rutten et al. / Neuro

tiology of AD [11,18,36]. In this regard the aging mouse
rain might be an attractive animal model to address poten-
ial links between the cause of cell-type specific differences
n age-related accumulation of nDNA damage in neurons and
he selective neuronal vulnerability in AD.
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