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Abstract Cognitive decline associated with ageing and
age-related disorders emerges as one of the greatest health
challenges in the next decades. To date, the molecular
mechanisms underlying the onset of neuronal physiological
changes in the central nervous system remain unclear.
Functional MRI and PET studies have indicated the decline
in working memory performance in older adults. Similarly,
age-related disorders, such as Alzheimer’s disease, are
associated with changes in the prefontral cortex and related
neural circuitry, which underlines the decline of integrative
function between different brain regions. This is mainly
attributed to the loss of synaptic connectivity, which is a

feature commonly observed in neurodegenerative disorders.
In humans, the morphological and functional changes in
neurons, such as reduction of spine numbers and synaptic
dysfunction, precede the first signs of cognitive decline and
likely contribute to pathology progression. Thus, a new
scenario emerges in which apparently unrelated diseases
present common features, such as the remodelling of
neuronal circuitries promoted by ageing. For many years,
ageing was considered a process of slow deterioration
triggered by accidental environmental factors. Conversely,
it is now evident that ageing is a biological process tightly
controlled by evolutionary highly conserved signalling
pathways. Importantly, genetic mutations that enhance
longevity significantly delay the loss of synaptic connec-
tivity and, therefore, the onset of age-related brain
disorders. Accordingly, tweaking ageing might be an
attractive approach to prevent cognitive decline caused by
age-related synaptic dysfunction.
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Introduction

High fecundity and somatic maintenance are mutually
exclusive. With abundant food, the natural selection
promotes high progeny number, whereas during shortage
of food supply, offspring fare poorly and as a result the
organism allocates more nutrients to somatic maintenance.
This strongly favours survival and a fully functional
reproductive system until resources are again available.
Interestingly, limitation of food intake without starvation
can extend the life span of a wide range of animals,
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including non-human primates [1]. Similarly, genetic
mutations that affect the activity of nutrient sensors can
shift the physiology of an organism from a reproductive to
a maintenance state, which is echoed by a lower incidence
of cancer, cardiovascular and neurodegenerative disorders
[2]. Thus, although harsh conditions promote ageing by
increasing the accumulation of damaged biological macro-
molecules, animals are able to initiate a wide range of
defensive molecular pathways that extend survival and
prevent the onset of age-related disorders.

The Plasticity of Ageing

The marked increase of aberrant macromolecules and
defective organelles is considered a lethal intracellular
toxin affecting the survival of an organism. The accumu-
lation of these flawed cellular components is a feature and a
consequence of ageing, a molecular process that is now

known to be influenced by specific pathways conserved
across species. Most of these programmes converge at
nutrient and stress sensors, which can maximize the
response amplitude by engaging directly gene transcription
or indirectly by affecting cellular metabolism (Fig. 1). In
the adult rhesus monkey, moderate caloric restriction delays
ageing and prevents the loss of grey matter in cortical,
putamen, caudate and insula regions [1]. Studies in yeast,
invertebrates and mammals support the notion that the
cellular response to food regimen requires the “target of
rapamycin” TOR [3]. In eukaryotic cells, TOR serves as a
checkpoint: it assesses the quality and quantity of nutrients,
ensures that the cellular growth rate occurs in accordance
with available resources and, eventually, favours somatic
maintenance [4]. In this context, TOR signaling relays
towards the regulation of downstream targets, including
forkhead transcriptional factor PHA-4/FoxA and hypoxia-
inducing factor HIF-1, which contribute to the caloric

Fig. 1 Signalling pathways that promote longevity can influence
dendritic spine remodelling. Excitatory neurotransmitters as well as
neurotrophins regulate the activation of mTOR, which is the central
sensor of nutrient availability. mTOR controls several processes, such
as autophagy, mitochondrial respiration, local protein synthesis and, in

some way, microRNA expression. Most of these pathways promote
dendritic spine remodelling and, therefore, synaptic connectivity and
can act synergistically with the activity-dependent dendritic arboriza-
tion promoted by CREB-dependent transcription
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restriction response by promoting gene expression. Fur-
thermore, inhibition of TOR leads to a wide range of
changes, such as blocking of protein translation, increase of
mitochondrial respiration and activation of autophagy, with
the latter taking place during conditions of stress such as
nutrient restriction. Macroautophagy, hereafter simply
referred to as autophagy (Fig. 2), is a tightly regulated
biological process in which intracellular organelles and
macromolecules are enclosed within a double-membrane
structure and degraded by lysosomal enzymes, with the
breakdown products subsequently recycled. Autophagic
machinery is highly conserved across evolution, and its
role during nutrient deprivation was firstly described in
yeast [5, 6] and confirmed in invertebrates and mammals.
In Caenorhabditis elegans, autophagy is essential for dauer
formation and life span extension in the insulin/IGF-1

receptor loss-of-function mutant daf-2 [7]. Similarly, in the
feeding-defective eat-2 mutant, limited food intake inhibits
TOR and leads to the up-regulation of autophagic genes,
which are required for life span extension [8]. Notably, the
loss of constitutive basal autophagy leads to an increased
number of defective organelles and accumulation of
cytoplasmic inclusions, which ultimately cause neuronal
degeneration in animal models [9]. Pharmacologically,
inhibition of TOR by rapamycin extends the life span of
rodents [10] and can moreover abolish amyloidosis-
associated cognitive decline [11] or other genetic neurode-
generative disorders [12]. Activation of TOR by ketamine,
a powerful nonselective NMDA receptor antagonist, has an
antidepressant effect and leads to an increased formation of
active dendritic spine synapses [13], which suggests TOR
signaling as a modulator of spine formation. Whether TOR
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Fig. 2 Schematic representation of autophagy. Autophagy is a
catabolic process evolutionary conserved that plays a role in the
clearance of intracellular damaged macromolecules and organelles.
Vesicle expansion and completion are a multistep process controlled

by two ubiquitin-like proteins, Atg7 and Atg12. Posttranslational
modification of Atg8 results in the recruitment to the pre-
autophagosomal structure membrane

126 Mol Neurobiol (2011) 43:124–130



affects spine remodelling exclusively via protein synthesis
or other TOR-controlled pathways is still under debate as
genetic evidences have shown that altered autophagy can
promote synaptic growth [14]. In summary, by integrating
signaling information from growth factors, nutrients, intra-
cellular energy status and environmental cues, TOR controls
cellular metabolism, promotes longevity and has a broad
positive impact on ageing and on neuronal function [15].

Similarly to caloric restriction, other pathways have been
widely documented to be beneficial on life span and to
reduce age-related disorders. The most well-known signal-
ing pathway shown to influence longevity is mediated by
the insulin/IGF-1 receptor. In C. elegans, reduced activity
of the hormone receptor daf-2 inhibits the downstream
phosphatidylinositol-3-kinase AGE-1/PI3K and ultimately
results in the nuclear localization of non-phosphorylated
DAF-16/FOXO. In response to multiple environmental and
tissue signals, the combined activities of DAF-16/FOXO
isoforms regulate the expression of hundreds of genes
involved in defensive responses, thereby extending the life
span of mutant animals [16]. In worms, different tissues
have different capabilities for responding to environmental
and hormonal regulations. Indeed, expression of DAF-16/
FOXO in the nervous system partially promotes longevity,
whereas its expression in the intestine is sufficient to extend
the life span substantially [17]. In contrast, in mammals,
reduction of insulin receptor substrate 2 specifically in the
nervous system is sufficient to extend mouse life span [18].
Similarly, heterozygous knockout mice for the insulin-like
growth factor type 1 receptor present greater stress resistance
and live much longer than wild-type animals [19]. Human
population studies from different cohorts throughout the
world have identified variants of enzymes involved in
insulin/IGF-1 signaling pathway, such as IGF-1 [20] receptor
and FOXO 3 [21]. Remarkably, reduced IGF-1 signaling
protects animal models from amyloid deposition and
amyloid-associated behavioural defects [22]. Indeed, hetero-
zygous Igf-1r mice carrying the human Swedish mutant APP
and the mutant presenilin 1 are protected from Aβ-associated
neuronal and synaptic loss. This is mediated by an increased
hyperaggregation of Aβ-plaques and, therefore, by a
decrease of less soluble, highly toxic oligomers. Reduction
of IGF signaling prevents astrocytosis and neuroinflamma-
tion; more importantly, it protects from synaptic loss, with a
significant improvement in cognitive and locomotion tasks
[22]. Collectively, this suggests that ageing and the onset of
neurodegenerative pathologies have common molecular
mechanisms and can be modified by targeting the same
molecular pathways.

Some aspects of ageing remain fascinating, albeit still
elusive. It is clear that nutrient and stressor sensors have
multiple targets. One of the main outcomes of TOR and
insulin/IGF-1 signaling pathways is the stimulation of

mitochondrial respiration rates. However, this seems con-
tradictory to other recent publications in which mild
inhibition of respiration can promote longevity in a wide
range of animal models. For instance, a mutation in worms
and mice that alters ubiquinone biosynthesis [23, 24] and
indirectly affects mitochondrial oxidative phosphorylation
or the partial down-regulation by RNAi of the respiratory
chain components substantially extends the organism’s life
span [25]. Similarly, pharmacological induction of mito-
chondrial uncoupling decreases tissue oxidative damage
and enhances longevity in mice [26]. These phenomena
may occur by a nuclear transcriptional response to
mitochondrial defects, which leads to the adoption of
alternative metabolic pathways in order to respond to
energetic demands. Conversely, age-dependent decline of
mitochondrial activity makes neurons vulnerable to envi-
ronmental and metabolic stress, and it has been largely
associated with the onset of Parkinson’s and Alzheimer’s
diseases. Mice that present increased mitochondrial DNA
mutations and therefore impairment of the electron trans-
port chain have a shorter life span and display neuronal loss
[27, 28]. Likewise, flies and mice defective for the zinc
carboxypeptidase [29, 30], a protein that controls the level
of mitochondrial enzymes, or mice with reduced expression
of the mitochondrial intermembrane apoptosis-inducing
factor [31], which is involved in the stabilization of the
electron transport chain, display a reduced life span and an
extensive neuronal degeneration. Clearly, mitochondria
uncoupling is a double-edged sword: too much is detri-
mental and leads to neuronal vulnerability, whereas a
mildly lower activity stimulates alternative metabolic path-
ways, increases gene-mediated stress resistance and fore-
most promotes longevity. Particularly interesting in this
regard is the beneficial effect of resveratrol on mitochon-
drial function in rodents [32]. Resveratrol is a natural
polyphenolic compound that significantly enhances sirtuin
activity and affinity for NAD+ and acetylated substrate. The
increased activity of SIRT1, a highly conserved NAD-
dependent histone deacetylase, promotes adaptation to
caloric restriction, renders animals resistant to diet-
induced obesity and confers insulin resistance by a
mechanism that involves PGC-1α and, indirectly, mito-
chondrial proliferation. As expected, activation of sirtuins
delays the ageing process in metazoans and yeast by
engaging the same molecular pathways stimulated by
caloric restriction [33, 34]. Nevertheless, the extension of
life span by resveratrol and sirtuins occurs not only because
of the increase of mitochondrial proliferation and activity.
In yeast, Sir2 controls genome stability: it can silence
chromatin by preserving intact telomeric chromatin and by
changing the acetylation state of histones [35, 36].
Similarly, recent findings have shown that members of the
H3K4 trimethylation complex can also regulate the life
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span of multicellular organisms. In this context, deficiency
of the methyltransferase tritorax complex decreases histone
methylation in C. elegans gonads and extends the life span
of the animals, whereas down-regulation of demethylase
causes an excess of H3K4 trimethylation and compromises
worm survival [37]. Although it is unclear how histone
methylation in the germline can control somatic longevity,
these findings, together with those on sirtuins, raise the
possibility that ageing can be controlled by epigenetic
modification of chromatin states.

Dendritic Spines Alterations During Ageing and Brain
Pathology

Increased difficulties with learning and memory tasks are
cognitive dysfunctions mainly associated with ageing and
age-related disorders. Although some evidences suggest a
widespread neuronal loss as a cause of the cognitive frailty,
current work indicates a more subtle and restricted
reorganization of neuronal circuits. Independent studies
observed regressive changes of neuronal morphology in the
hippocampus and neocortex of aged human and non-human
primate brains. In general, in the prefrontal cortex of old
humans [38] and monkeys [39], there is a decrease between
25% and 46% in spines and spine densities in the apical and
basal dendrites of pyramidal neurons compared to young
subjects. Similarly, recent morphometric analyses have
confirmed that aged animals present a lower density of
dendritic spines caused by the loss of “thin”, highly motile
structures. This is associated with an age-related shift
towards spines with head volume significantly greater
compared to young organisms [40]. These age-related
morphological changes are associated with a significantly
lower expression of glutamate-ionotropic receptor subunits,
which is mirrored by a significant decrease of synaptic
activity and neuronal excitability. Anatomically, dendritic
spines are tiny specialized membrane protrusions with an
approximately volume of 0.01–0.5 μm3, typically with the
bulbous head connected to the shaft of the neuronal
dendrite by a thin neck. The spine heads are enriched with
excitatory receptors, and together with other neurotrophin
receptors, such as the TrkB receptor for BDNF, they ensure
the maintenance of the structure. Functionally, dendritic
spines are plastic and dynamic structure influenced by their
electrophysiological activity. Importantly, they are the
contact point between neurons for the formation of neural
circuitry. During normal conditions, fast turnover of spines
occurs as part of long-term learning and memory mainte-
nance. Conversely, massive loss of functional dendritic
spines is detrimental as it is highly associated with brain
pathologies. Alteration of spine density has been described
in some mental disorders such as the fragile X syndromes
(FXS). In this syndrome, the expansion of a polymorphic

CGC trinucleotide in the FMR1 gene causes the loss of
function of the RNA-binding protein FMRP. FXS patients
present an abnormal turnover of transient spines, which
results in a larger pool of immature excitatory spines [41].
Recent studies have described the potential function of non-
coding RNA in FXS. Specifically, miR-125b and miR-32
are associated with FMRP, taking part in the regulation of
NMDA receptor subunit composition and, therefore, are
also involved in synaptic plasticity [42]. Because of the
peculiar properties of neurons and because mRNAs are
selectively transported to distant sites, it is not surprising
that small non-coding RNAs can regulate mRNA transla-
tion and de novo synthesis of synaptic proteins, thereby
shaping dendritic spine morphology, number and activity.
One of the first microRNAs described to act at the synapto-
dendritic compartment was miR-134 [43]. The expression
of miR-134 changes during neuronal development and
negatively regulates dendritic spine volume through the
local repression of Lim-domain-containing protein kinase 1
(Limk1) mRNA translation. More importantly, the inhibi-
tion of mRNA translation by miR-134 is controlled by
BDNF stimulation, which triggers the activation of the
TrKB/TOR signaling pathway and enhances synaptic
protein expression of Limk1. This process controls dendritic
spine size and potentially neuronal plasticity. Neuronal
activity can therefore locally regulate protein synthesis via
microRNA binding to untranslated regions of target
mRNAs, with important implications concerning dendritic
structural and physiological properties. As expected, in the
last few years, microarray studies have identified additional
microRNAs taking part in the regulation of mRNA transla-
tion at the dendritic spine level [44]. It is intriguing to notice
that the expression of some microRNAs decrease during
ageing [45]. Correspondingly, in C. elegans, deficiency of
microRNA lin-4 results in shorter life span, whereas
decreased expression of its target, the putative transcription
factor LIN-14, results in longer life span via a DAF-16/
FOXO-independent manner [46]. During ageing, dendritic
changes are accompanied by a shift in the expression of
neurofilament proteins, which might contribute to the forma-
tion of neurofibrillary tangles and amyloidosis. Whether the
loss of microRNA expression can progressively compromise
dendritic spines and enhance cognitive impairment in human
is speculative, although under debate. Certainly, the fact that
some microRNAs can be down-regulated in Alzheimer’s
disease or play a role in Huntington’s disease suggests that the
gradual loss of localized fine genetic regulation might
predispose individuals to physiological and neurological
declines, setting them up for brain pathologies. We have
recently found that during mild synaptic activation by
nicotine, there are changes in microRNA expression, with
strong effects on dendritic spine density and morphology
(unpublished data). Future studies will help us understand
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whether the loss of these microRNAs is accompanied by
cognitive decline.

Concluding Remarks

Though the increase of longevity is a great achievement of
our health and hygienic systems, it also represents a critical
challenge to our existing social structure and a burden to our
financial system because it leads to a larger number of people
affected by age-related disorders, especially brain diseases. It
is evident that the brain undergoes morphological changes,
such as the reduction of neuronal arborization, the density of
dendritic spines and the number of functional synapses. This
leads to altered intrinsic excitability and spike-frequency
adaptation that adversely contribute to cognitive impairment
in old organisms. Over the past years, molecular biologists
have identified many genetic mutations that can extend
longevity and reduce the risk of pathologies. Here, we have
highlighted apparently distinct molecular pathways, namely
autophagy, mitochondria, insulin/IGF-1 signaling and
microRNAs, all converging on neuronal connectivity and
neuronal ageing. Understanding these pathways will help
improve good ageing, preserve intact neuronal circuitry and,
as importantly, prevent cognitive decline and age-related
brain disorders.

Acknowledgement The authors want to thank Prof. di Monte, Dr.
Troulinaki and Miss Belau for their precious comments.

References

1. Colman RJ, Anderson RM, Johnson SC, Kastman EK, Kosmatka
KJ, Beasley TM, Allison DB, Cruzen C, Simmons HA, Kemnitz
JW, Weindruch R (2009) Caloric restriction delays disease onset
and mortality in rhesus monkeys. Science 325:201–204

2. Kenyon CJ (2010) The genetics of ageing. Nature 464:504–512
3. Kapahi P, Chen D, Rogers AN, Katewa SD, Li PW, Thomas EL,

Kockel L (2010)With TOR, less is more: a key role for the conserved
nutrient-sensing TOR pathway in aging. Cell Metab 11:453–465

4. Partridge L, Gems D, Withers DJ (2005) Sex and death: what is
the connection? Cell 120:461–472

5. Mizushima N, Noda T, Yoshimori T, Tanaka Y, Ishii T, George
MD, Klionsky DJ, Ohsumi M, Ohsumi Y (1998) A protein
conjugation system essential for autophagy. Nature 395:395–398

6. Mizushima N (2007) Autophagy: process and function. Genes
Dev 21:2861–2873

7. Melendez A, Talloczy Z, Seaman M, Eskelinen EL, Hall DH,
Levine B (2003) Autophagy genes are essential for dauer
development and life-span extension in C. elegans. Science
301:1387–1391

8. Hansen M, Chandra A, Mitic LL, Onken B, Driscoll M, Kenyon
C (2008) A role for autophagy in the extension of lifespan by
dietary restriction in C. elegans. PLoS Genet 4:e24

9. Hara T, Nakamura K, Matsui M, Yamamoto A, Nakahara Y,
Suzuki-Migishima R, Yokoyama M, Mishima K, Saito I, Okano H,
Mizushima N (2006) Suppression of basal autophagy in neural cells
causes neurodegenerative disease in mice. Nature 441:885–889

10. Harrison DE, Strong R, Sharp ZD, Nelson JF, Astle CM, Flurkey K,
Nadon NL,Wilkinson JE, Frenkel K, Carter CS, PahorM, JavorsMA,
Fernandez E, Miller RA (2009) Rapamycin fed late in life extends
lifespan in genetically heterogeneous mice. Nature 460:392–395

11. Spilman P, Podlutskaya N, Hart MJ, Debnath J, Gorostiza O,
Bredesen D, Richardson A, Strong R, Galvan V (2010) Inhibition
of mTOR by rapamycin abolishes cognitive deficits and reduces
amyloid-beta levels in a mouse model of Alzheimer’s disease.
PLoS ONE 5:e9979

12. Ehninger D, Han S, Shilyansky C, Zhou Y, Li W, Kwiatkowski
DJ, Ramesh V, Silva AJ (2008) Reversal of learning deficits in a
Tsc2+/− mouse model of tuberous sclerosis. Nat Med 14:843–848

13. Li N, Lee B, Liu RJ, Banasr M, Dwyer JM, Iwata M, Li XY,
Aghajanian G, Duman RS (2010) mTOR-dependent synapse
formation underlies the rapid antidepressant effects of NMDA
antagonists. Science 329:959–964

14. Shen W, Ganetzky B (2010) Nibbling away at synaptic develop-
ment. Autophagy 6:168–169

15. Fontana L, Partridge L, Longo VD (2010) Extending healthy life
span—from yeast to humans. Science 328:321–326

16. Kenyon C, Chang J, Gensch E, Rudner A, Tabtiang R (1993) A C.
elegans mutant that lives twice as long as wild type. Nature
366:461–464

17. Libina N, Berman JR, Kenyon C (2003) Tissue-specific activities of
C. elegans DAF-16 in the regulation of lifespan. Cell 115:489–502

18. Taguchi A, Wartschow LM, White MF (2007) Brain IRS2
signaling coordinates life span and nutrient homeostasis. Science
317:369–372

19. Holzenberger M, Dupont J, Ducos B, Leneuve P, Geloen A, Even
PC, Cervera P, Le Bouc Y (2003) IGF-1 receptor regulates
lifespan and resistance to oxidative stress in mice. Nature
421:182–187

20. Kojima T, Kamei H, Aizu T, Arai Y, Takayama M, Nakazawa S,
Ebihara Y, Inagaki H, Masui Y, Gondo Y, Sakaki Y, Hirose N
(2004) Association analysis between longevity in the Japanese
population and polymorphic variants of genes involved in insulin
and insulin-like growth factor 1 signaling pathways. Exp Gerontol
39:1595–1598

21. Willcox BJ, Donlon TA, He Q, Chen R, Grove JS, Yano K,
Masaki KH, Willcox DC, Rodriguez B, Curb JD (2008) FOXO3A
genotype is strongly associated with human longevity. Proc Natl
Acad Sci USA 105:13987–13992

22. Cohen E, Paulsson JF, Blinder P, Burstyn-Cohen T, Du D, Estepa
G, Adame A, Pham HM, Holzenberger M, Kelly JW, Masliah E,
Dillin A (2009) Reduced IGF-1 signaling delays age-associated
proteotoxicity in mice. Cell 139:1157–1169

23. Felkai S, Ewbank JJ, Lemieux J, Labbe JC, Brown GG, Hekimi S
(1999) CLK-1 controls respiration, behavior and aging in the
nematode Caenorhabditis elegans. EMBO J 18:1783–1792

24. Lapointe J, Stepanyan Z, Bigras E, Hekimi S (2009) Reversal of
the mitochondrial phenotype and slow development of oxidative
biomarkers of aging in long-lived Mclk1+/− mice. J Biol Chem
284:20364–20374

25. Dillin A, Hsu AL, Arantes-Oliveira N, Lehrer-Graiwer J, Hsin H,
Fraser AG, Kamath RS, Ahringer J, Kenyon C (2002) Rates of
behavior and aging specified by mitochondrial function during
development. Science 298:2398–2401

26. Caldeira da Silva CC, Cerqueira FM, Barbosa LF, Medeiros MH,
Kowaltowski AJ (2008) Mild mitochondrial uncoupling in mice
affects energy metabolism, redox balance and longevity. Aging
Cell 7:552–560

27. Trifunovic A, Hansson A, Wredenberg A, Rovio AT, Dufour E,
Khvorostov I, Spelbrink JN, Wibom R, Jacobs HT, Larsson NG
(2005) Somatic mtDNA mutations cause aging phenotypes
without affecting reactive oxygen species production. Proc Natl
Acad Sci USA 102:17993–17998

Mol Neurobiol (2011) 43:124–130 129



28. Bartesaghi S, Betts-Henderson J, Cain K, Dinsdale D, Zhou X,
Karlsson A, Salomoni P, Nicotera P (2010) Loss of thymidine kinase
2 alters neuronal bioenergetics and leads to neurodegeneration. Hum
Mol Genet 19:1669–1677

29. Chakrabarti L, Zahra R, Jackson SM, Kazemi-Esfarjani P, Sopher
BL, Mason AG, Toneff T, Ryu S, Shaffer S, Kansy JW, Eng J,
Merrihew G, MacCoss MJ, Murphy A, Goodlett DR, Hook V,
Bennett CL, Pallanck LJ, La Spada AR (2010) Mitochondrial
dysfunction in NnaD mutant flies and Purkinje cell degeneration
mice reveals a role for Nna proteins in neuronal bioenergetics.
Neuron 66:835–847

30. Mullen RJ, Eicher EM, Sidman RL (1976) Purkinje cell
degeneration, a new neurological mutation in the mouse. Proc
Natl Acad Sci USA 73:208–212

31. Klein JA, Longo-Guess CM, Rossmann MP, Seburn KL, Hurd
RE, Frankel WN, Bronson RT, Ackerman SL (2002) The
harlequin mouse mutation downregulates apoptosis-inducing
factor. Nature 419:367–374

32. Lagouge M, Argmann C, Gerhart-Hines Z, Meziane H, Lerin C,
Daussin F, Messadeq N, Milne J, Lambert P, Elliott P, Geny B,
Laakso M, Puigserver P, Auwerx J (2006) Resveratrol improves
mitochondrial function and protects against metabolic disease by
activating SIRT1 and PGC-1alpha. Cell 127:1109–1122

33. Gan L, Mucke L (2008) Paths of convergence: sirtuins in aging
and neurodegeneration. Neuron 58:10–14

34. Wood JG, Rogina B, Lavu S, Howitz K, Helfand SL, Tatar M,
Sinclair D (2004) Sirtuin activators mimic caloric restriction and
delay ageing in metazoans. Nature 430:686–689

35. Oberdoerffer P, Michan S, McVay M, Mostoslavsky R, Vann J,
Park SK, Hartlerode A, Stegmuller J, Hafner A, Loerch P, Wright
SM, Mills KD, Bonni A, Yankner BA, Scully R, Prolla TA, Alt
FW, Sinclair DA (2008) SIRT1 redistribution on chromatin
promotes genomic stability but alters gene expression during
aging. Cell 135:907–918

36. Sinclair DA, Lin SJ, Guarente L (2006) Life-span extension in
yeast. Science 312:195–197, author reply 195–197

37. Greer EL, Maures TJ, Hauswirth AG, Green EM, Leeman DS,
Maro GS, Han S, Banko MR, Gozani O, Brunet A (2010)

Members of the H3K4 trimethylation complex regulate lifespan in
a germline-dependent manner in C. elegans. Nature 466:383–387

38. Jacobs B, Driscoll L, Schall M (1997) Life-span dendritic and
spine changes in areas 10 and 18 of human cortex: a quantitative
Golgi study. J Comp Neurol 386:661–680

39. Duan H, Wearne SL, Rocher AB, Macedo A, Morrison JH, Hof
PR (2003) Age-related dendritic and spine changes in cortico-
cortically projecting neurons in macaque monkeys. Cereb Cortex
13:950–961

40. Dumitriu D, Hao J, Hara Y, Kaufmann J, Janssen WG, Lou W,
Rapp PR, Morrison JH (2010) Selective changes in thin spine
density and morphology in monkey prefrontal cortex correlate
with aging-related cognitive impairment. J Neurosci 30:7507–
7515

41. Bagni C, Greenough WT (2005) From mRNP trafficking to spine
dysmorphogenesis: the roots of fragile X syndrome. Nat Rev
Neurosci 6:376–387

42. Edbauer D, Neilson JR, Foster KA, Wang CF, Seeburg DP,
Batterton MN, Tada T, Dolan BM, Sharp PA, Sheng M (2010)
Regulation of synaptic structure and function by FMRP-associated
microRNAs miR-125b and miR-132. Neuron 65:373–384

43. Schratt GM, Tuebing F, Nigh EA, Kane CG, Sabatini ME, Kiebler
M, Greenberg ME (2006) A brain-specific microRNA regulates
dendritic spine development. Nature 439:283–289

44. Siegel G, Obernosterer G, Fiore R, Oehmen M, Bicker S,
Christensen M, Khudayberdiev S, Leuschner PF, Busch CJ, Kane
C, Hubel K, Dekker F, Hedberg C, Rengarajan B, Drepper C,
Waldmann H, Kauppinen S, Greenberg ME, Draguhn A,
Rehmsmeier M, Martinez J, Schratt GM (2009) A functional
screen implicates microRNA-138-dependent regulation of the
depalmitoylation enzyme APT1 in dendritic spine morphogenesis.
Nat Cell Biol 11:705–716

45. Noren Hooten N, Abdelmohsen K, Gorospe M, Ejiogu N,
Zonderman AB, Evans MK (2010) microRNA expression patterns
reveal differential expression of target genes with age. PLoS ONE
5:e10724

46. Boehm M, Slack F (2005) A developmental timing microRNA and
its target regulate life span in C. elegans. Science 310:1954–1957

130 Mol Neurobiol (2011) 43:124–130


	Ageing, Neuronal Connectivity and Brain Disorders: An Unsolved Ripple Effect
	Abstract
	Introduction
	The Plasticity of Ageing
	Dendritic Spines Alterations During Ageing and Brain Pathology
	Concluding Remarks

	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200037000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


