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Abstract 
 

Telomeres are the outermost parts of linear chromosomes. They consist of 
tandemly repeated non-coding short nucleotide sequences (TTAGGG in all 
vertebrates), in humans spanning over the last 2 to 15 kilobase pairs of the 
chromosome. Due to the end-replication problem, telomeres shorten with 
each cellular division. A critically short telomere will trigger the cell to enter 
a state of cellular senescence or to apoptose. The rate of telomere shortening 
can be accelerated by factors such as oxidative stress and inflammation. 
Taken together, this contributed to making telomere length a candidate 
biomarker of health and aging. Studies have shown that leukocyte telomere 
length progressively shortens with age, and that it independent of age is 
associated with age-related morbidity, lifestyle factors, and mortality. This 
thesis was aimed at exploring the relationships of leukocyte telomere length 
with various functional and structural attributes of the brain. 

In Paper I, telomere length was shown to be longer among non-demented 
carriers of the apolipoprotein E (APOE) ε4 allele, a well-established risk 
factor for Alzheimer’s disease. However, the rate of telomere shortening was 
greater among the ε4 carriers, possibly due to the higher levels of oxidative 
stress and inflammation associated with this allele. Furthermore, perfor-
mance on episodic memory tests was inversely related to telomere length 
among ε4 carriers. The results may contribute to a better understanding of 
the pathophysiology related to the APOE ε4 allele. 

The volume of the hippocampus, a structure in the brain critical for 
episodic memory function, was in Paper II found to be inversely related to 
telomere length among non-demented APOE ε3/ε3 carriers. No correlation 
between hippocampal volume and telomere length was discernible among ε4 
carriers, but they fit the pattern exhibited by the ε3/ε3 carriers as they 
tended to have smaller hippocampi and longer telomere length compared 
with the ε3/ε3 carriers. The results are possibly explained by a low pro-
liferative activity among subjects with smaller hippocampi, which might also 
explain the inverse association between telomere length and episodic 
memory performance in Paper I. 

In Paper III, we describe results corroborating earlier findings of shorter 
telomere length among individuals suffering from depression. Moreover, we 
found that the shorter telomere length among the patients to a large extent 
could be linked to a hypocortisolemic state; a state which has been associ-
ated with chronic stress. The findings corroborate the link between telomere 
length and stress, and underline the role of stress in depressive illness. 

Two prominent manifestations of the aging brain are atrophy and white 
matter hyperintensities. In Paper IV, we report that white matter hyper-
intensities and cerebral subcortical atrophy were associated with shorter 
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telomere length in aged non-demented individuals. Cortical atrophy was not 
associated with telomere length. Inflammation may be the underlying cause 
of the associations, as it is linked to telomere attrition, subcortical atrophy, 
and white matter hyperintensities. 

Taken together, these results show that leukocyte telomere length has the 
potential of being used as a biomarker for structural and functional 
attributes of the brain. Furthermore, the findings can provide new insights 
into mechanisms of disease and aging of the brain.  

 
 

Keywords: APOE, aging, atrophy, brain, cognition, cortisol, depression, 
hippocampus, HPA axis, MRI, stress, telomere length, white matter hyper-
intensities. 
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Populärvetenskaplig sammanfattning  
 

Kromosomer är trådlika DNA-molekyler som återfinns i cellens kärna, och 
på kromosomens yttersta delar sitter telomererna. På grund av att cellen inte 
förmår att kopiera kromosomernas fulla längd förkortas telomererna i 
samband med varje celldelning. Hur mycket telomer-DNA som förloras vid 
varje tillfälle är inte konstant, utan påverkas av faktorer som exempelvis 
oxidativ stress och inflammation. Om telomeren når en kritiskt kort längd 
kommer cellen att försättas i ett vilande stadium, eller genomgå s.k. 
programmerad celldöd.  

Insikterna om att telomerlängden förkortas vid varje celldelning och 
påverkas av faktorer som exempelvis oxidativ stress har lett fram till 
hypotesen att telomerlängden kan fungera som en biologisk klocka – en 
markör för biologiskt åldrande. I studier där man mätt telomererna i vita 
blodkroppar, leukocyter, har man funnit samband mellan telomerernas 
längd och åldersrelaterad sjukdom, ohälsosam livsstil, och dödlighet. Denna 
avhandling behandlar fyra studier som berör leukocyt-telomerlängdens 
koppling till hjärnans funktion och struktur.  

I det första delarbetet visade vi att telomererna var längre hos icke-
dementa individer som var bärare av apolipoprotein E ε4, en genvariant som 
är en väletablerad riskfaktor för Alzheimers sjukdom. Men samtidigt 
förkortades telomererna snabbare hos ε4-bärare, något som möjligen kan 
förklaras av en högre grad av oxidativ stress och inflammation som finns 
beskriven hos ε4-bärare. Vidare fann vi att längre telomerer var förknippade 
med sämre resultat på uppgifter som utvärderar episodiskt minne. 
Resultaten kan leda till bättre förståelse för hur apolipoprotein E ε4 bidrar 
till sjukdom. 

Hippocampus är en del av hjärnan som spelar en avgörande roll för vårt 
episodiska minne. I det andra delarbetet fann vi att ökad volym på 
hippocampus var förknippat med kortare telomerlängd bland personer som 
bar på dubbel uppsättning av genvarianten apolipoprotein E ε3. Ingen 
koppling fanns mellan hippocampusvolym och telomerlängd bland ε4-
bärare, men eftersom de i genomsnitt hade längre telomerer och mindre 
hippocampus passade de in i mönstret som sågs bland ε3/ε3 bärare. 
Möjligen kan resultaten förklaras av att det funnits en låg celldelnings-
aktivitet i kroppen, som på så vis begränsat hippocampusvolymen och 
telomerförkortningen. Det skulle också kunna förklara varför vi i första 
delarbetet såg en koppling mellan långa telomerer och sämre episodiskt 
minne. 

I tredje delarbetet beskrivs resultat som visar att telomererna är kortare 
hos personer med återkommande depressioner. De kortare telomererna hos 
deprimerade kunde till stor del kopplas till ett hypokortisolemiskt tillstånd, 
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ett tillstånd som associerats med kronisk stress. Kortare telomerlängd var 
även förknippat med högre nivåer av självskattad stress hos icke-
deprimerade. Fynden tydliggör kopplingen mellan telomerers längd och 
stress, samt stressens betydelse för depressiv sjukdom.  

Med ökande ålder uppträder en generell krympning (atrofi) av hjärnan 
och en ökad frekvens av hyperintensiteter i den vita hjärnsubstansen. I det 
fjärde delarbetet visade vi att hyperintensiteter och högre grad av subkortikal 
atrofi var förknippat med kortare telomerlängd hos äldre icke-dementa. 
Kortikal atrofi var däremot inte kopplat till kortare telomerlängd. 
Inflammation kan möjligtvis förklara fynden eftersom det är associerat med 
både telomerförkortning och subkortikala strukturförändringar.  

Sammantaget så visar resultaten att leukocyt-telomerers längd har 
potential att användas som biologisk markör för strukturella och 
funktionella attribut hos hjärnan. Fynden kan också ge nya insikter kring 
hjärnans åldrande och mekanismer bakom sjukdomar som drabbar hjärnan. 
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List of commonly used abbreviations 
 

 
APOE apolipoprotein E 
bp base pairs 
DST dexamethasone suppression test 
HPA hypothalamic-pituitary-adrenal 
PCR polymerase chain reaction 
TRF terminal restriction fragment 
WMHs white matter hyperintensities  
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Introduction 
 
The beginning of the end 
 
Telomere, from the Greek words telos (end) and meros (part), is the name 
given to the outermost parts of our nuclear DNA strings; our chromosomes. 
The story about the end can be said to have begun in 1938, when Hermann J. 
Muller, Cyril D. Darlington, and J. B. S. Haldane independently applied the 
term telomere to what Muller believed was a gene that sealed the end of the 
chromosome [1]. Both Hermann J. Muller and Barbara McClintock are 
credited with the recognition that chromosome ends are distinct from ends 
caused by breakage as the telomere part does not show a propensity for 
fusing with other ends [1,2]. Fast forward to 1966, when Alexey M. 
Olovnikov, a post-doctoral student at the Soviet Academy of Sciences in 
Moscow, predicted on theoretical grounds that telomeres should shorten 
with each chromosomal replication [3,4]. Olovnikov supposedly contrived 
the hypothesis while watching a subway train approach a station, imagining 
an analogy with DNA replication [5]. He was inspired by a discovery made a 
few years earlier by Leonard Hayflick, showing that cells have a limited 
capacity for replication (known as the Hayflick limit) [6,7], and believed his 
theory of telomere shortening could explain this limit. Olovnikov published 
his Theory of Marginotomy in 1971 [3]. 

In 1978, Elizabeth Blackburn together with her mentor Joseph Gall 
discovered that telomeres were constituted by short repeated DNA 
sequences [8]. Together with Jack Szostak at the Harvard Medical School, 
Blackburn published evidence that showed how the telomeres were 
evolutionary conserved and provided chromosomal stability [9]. Discoveries 
which would lead to their award of the 2009 Nobel Prize in Medicine or 
Physiology, together with Carol Greider who as an graduate student in 
Blackburn’s lab discovered the telomere extending enzyme telomerase [10]. 

Another important mark in the timeline of telomere research was the 
discovery in 1990 showing that telomeres indeed shortened with cellular 
replication [11], as first predicted by Olovnikov almost 20 years earlier [3]. It 
was also discovered that telomeres were shorter in many tissue samples 
taken from older people compared with younger people [11,12], and that 
telomere shortening reduced the replicative lifespan [13-15]. Taken together, 
these discoveries were the foundation of the concept of telomeres 
representing a marker of biological aging. Subsequent findings showed that 
telomeres shorten in many human cell types with increasing age, and that 
telomere length in white blood cells, independent of age, can be linked to 
mortality and age-related morbidity. The last decade has seen an ever-
expanding field of telomere length epidemiology. 



10 
 

The telomere 
 

The telomeres are DNA-protein complexes located at the terminal ends of 
eukaryotic linear chromosomes (Figure 1). The DNA component is composed 
of non-coding short G-rich elements, tandemly repeated hundreds to 
thousands of times. In humans, the telomere sequence is constituted by the 
hexamer TTAGGG (leading strand), typically spanning over the outermost 
0.5 to 15 kilobase pairs [16,17]. At the end, 50-300 base pairs (bp) of single-
stranded DNA extends from the 3' strand and folds back invading the 
double-stranded DNA (Figure 2). This lariat structure results in two loop 
structures: the T-loop (telomere loop) and the D-loop (displacement loop) 
[18]. The T-loop is stabilized by shelterin complexes, which among mammals 
are composed of six protein subunits: TRF1, TRF2, TIN2, RAP1, TPP1, and 
POT1. TRF1 and TRF2 (telomeric repeat binding factor 1 and 2) are the two 
main proteins of the shelterin complex, responsible for binding the complex 
to the telomeric DNA [19,20]. 
 

 
 
Figure 1. Simplified overview of the telomere. Image reproduced from Zhu et al., 2011 [21]. 
Used with permission from the Nederlands Tijdschrift voor Geneeskunde. 
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Figure 2. Simplified overview of the terminal end of the telomere and the shelterin complex. 
Image reproduced from Zhu et al., 2011 [21]. Used with permission from the Nederlands 
Tijdschrift voor Geneeskunde. 

 
 
 
Telomere functions and telomere length shortening 

 
The end structure of the telomeres, composed of the shelterin complexes and 
the lariat structure, serves to cap the chromosome ends. This prevents the 
DNA damage repair system from mistakenly recognizing the chromosomal 
ends as double-stranded DNA breaks [22,23]; something which can activate 
pathways leading to cellular senescence or apoptosis, alternatively cause 
chromosomal end-to-end fusions or other events disrupting genomic 
integrity [22-24]. 

Due to an inherent inability of the replication machinery to replicate the 
full length of the DNA strand in the 3' direction (a phenomenon known as 
the end-replication problem), the length of the telomere inevitably shortens 
with each chromosomal replication [3,11,25]. About 50 to 200 bp of 
telomeric DNA are lost in each replication. However, it is estimated that the 
end-replication problem can only be attributed for a small fraction of this 
loss [26]. Instead, other factors, such as oxidative stress, can contribute to 
increased rates of telomere attrition [27-30]. If a telomere reaches a critically 
short length, or if the shelterin complexes are disrupted, the (normal) cell 
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will enter a state of cellular senescence or apoptose [15,22,31,32]. By limiting 
the proliferative potential of cells, telomere shortening function as a tumor 
suppressor mechanism [33,34]. 

 
 

Telomere lengthening 
 

The length of telomeres can be elongated by either the telomerase enzyme or 
the alternative lengthening of telomeres (ALT) mechanism. Telomerase is a 
reverse transcriptase capable of adding TTAGGG repeats to the 3' ends of 
chromosomes (Figure 3). A ribonucleoprotein, the telomerase enzyme is 
composed of a catalytic protein subunit (telomerase reverse transcriptase, 
TERT) and an RNA component (telomerase RNA component, TERC) 
[10,35,36]. The RNA component serves as a template, allowing for telomere 
repeat synthesis at the 3' end [37,38]. Most somatic cells lack expression of 
telomerase, and even where it is expressed, e.g., in stem cells, it is usually not 
sufficient to entirely mitigate the progressive telomere length shortening 
brought about by cellular replication [34,39]. Adult male germ cells are, 
however, able to maintain telomere length, supposedly via high levels of 
telomerase expression [40]. 

 
 
 

 
 
Figure 3. Telomere lengthening via the telomerase enzyme. TERT, telomerase reverse 
transcriptase; TERC, telomerase RNA component. Image reproduced from Zhu et al., 2011 [21]. 
Used with permission from the Nederlands Tijdschrift voor Geneeskunde. 

 
 
 
ALT is a mechanism dependent on homologous recombination. It is 

repressed in normal cells but occurs in about 15% of human cancers where it 
acts to maintain telomere length, subsequently permitting unlimited cellular 
proliferation. The remaining 85% of cancers have achieved unlimited 
proliferative potential via acquired upregulation of telomerase [41,42].  
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Telomere length, disease, and aging 
 

Aging is a complex, heterogeneous, and progressive functional decline of the 
biological machinery upholding the fitness of the soma, leading to disease 
and eventually death. The discoveries showing that telomere length shortens 
with cellular replication and that short telomeres trigger cellular senescence 
or apoptosis suggested that the telomere represents a mitotic clock; an 
indicator of past replicative history and future replicative potential 
[15,22,32,43]. Furthermore, it was shown that cells in culture could be 
immortalized by maintenance of their telomeres via telomerase [13,14,44]. 
All this implicated a role of telomeres in the biology of aging.  

Telomeres may be associated with the aging process both directly and 
indirectly. Directly, causally, in that they can limit tissue renewal and 
influence tissue homeostasis by triggering cellular senescence or apoptosis. 
Cellular senescence is defined as a state where the cell is unable to proliferate 
despite abundant availability of nutrients and mitogens; the cell does, 
however, remain viable and metabolically active [34,45]. With aging, the 
presence of senescent cells increases in many tissues, in line with 
observations made in several tissues showing an inverse relationship 
between telomere length and age. The physiological role of senescent cells is 
still poorly understood, but as these cells secrete pro-inflammatory 
cytokines, affecting the tissue microenvironment negatively, they can poten-
tially undermine tissue function or contribute to pathology. Furthermore, 
the transition of stem cells into cellular senescence would limit downstream 
tissue renewal [34,46-48]. 

As it was recognized that the end-replication problem could only account 
for part of the observed telomere length loss there had to be additional 
mechanisms involved in telomere shortening [28]. The telomere sequence is 
due to its richness in guanine sensitive to oxidative damage [49], and several 
observations were made which supported that oxidative stress contributes to 
telomere length shortening. For example, exposing cells to a wide variety of 
oxidative stress insults (e.g., hydrogen peroxide, homocysteine, chronic 
hyperoxia) accelerated telomere loss [29,30,50]; conversely, supplying the 
cells with reactive oxygen scavengers (e.g., vitamin C) slowed down the 
attrition rate [51]. Although it is not entirely clear how oxidative stress 
causes telomere shortening, it is likely related to how damaged bases in the 
telomere sequence interferes with the replication fork [27]. Thus, in addition 
to telomere shortening being related to cell proliferation, converging 
evidence showed that the telomere attrition rate accelerated in proportion to 
the net effect of oxidative insult; implicating that telomere length to some 
degree is a cumulative measure of oxidative stress. This was interesting 
because oxidative stress had long been considered a key element in aging 
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and aging-related disease (e.g., the free radical theory of aging, proposed by 
Harman in 1956 [52,53]), and accompanies inflammation, another process 
widely implicated in disease and aging [54]. This notion of telomeres acting 
as a cumulative index of oxidative stress and inflammation suggested an 
indirect involvement of telomeres with aging, adding further support to the 
concept of telomere length as a marker of biological aging. 

Telomere length varies between individuals and between different tissues 
of the same individual. The intra-individual variation is in part due to 
differences in turnover rates between tissues. Comparisons of telomere 
lengths between different tissues generally reveal shorter telomere lengths in 
proliferative tissues compared with post-mitotic tissues. For example, a high 
shortening rate has been described in hepatic cells, while little shortening 
with age takes place in skeletal muscle cells. Even so, the variation in 
telomere length is greater between individuals than between different tissues 
of the same individual. Furthermore, telomere lengths in different tissues 
among adults are intra-individually correlated, meaning that an individual 
with relatively long telomeres in peripheral blood have relatively long 
telomeres in other tissues as well [55-60].  

In peripheral blood, the only nucleated cells (under normal conditions) 
are the leukocytes, mainly constituted by lymphocytes (B-cells, T-cells, and 
NK-cells), granulocytes (neutrophils, eosinophils, and basophils), and 
monocytes; all descendants of hematopoietic stem cells. The telomere length 
of leukocytes varies greatly between individuals, even among those of similar 
age. It is inversely related to the age of the donor, and correlates with 
telomere lengths in other tissues of the same individual [61,62]. Together 
with the fact that leukocytes can be harvested with relatively non-invasive 
methods, this contributed to making leukocyte telomere length a popular 
choice in research evaluating the role of telomere length in disease and 
aging. 

The first method devised to measure telomere length was terminal 
restriction fragment (TRF) analysis by Southern blot. By using restriction 
enzymes which digest all genomic DNA except telomere repeats, the method 
yields telomere fragments which via gel electrophoresis can be visualized and 
size estimated [63]. The applicability of the method is limited by the large 
amounts of DNA it requires, and that it is time and labor intensive. In 2002, 
Cawthon designed a method to measure relative telomere lengths via a 
quantitative real-time polymerase chain reaction (PCR) [64]. By amplifying 
both telomere repeats and a single copy housekeeping gene and calculating 
the ratio between these two quantities, it yields a measure of relative 
telomere length. This method requires less DNA and is less time and labor 
intensive than the TRF method, allowing for a high throughput which makes 
it more suitable than the TRF method for larger study samples. The PCR 
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method has subsequently been widely adopted and has facilitated an 
expansion of the telomere field. 

During the last ten years, a large number of studies have associated 
leukocyte telomere length, independent of age, with a wide array of diseases 
and lifestyle factors (unless otherwise specified, “telomere length” hereafter 
refers to leukocyte telomere length). A considerable amount of this research 
has concerned cardiovascular disease. Epidemiological studies have linked 
short telomere length to different facets of cardiovascular disease, e.g., 
atherosclerosis [65-69], aortic valve stenosis [70], and heart failure [71]. 
Brouilette et al. showed that individuals with shorter telomere length were at 
greater risk for coronary heart disease, and furthermore, that individuals 
with short telomeres had their risk attenuated by statin treatment [72]. Short 
telomeres may indicate a high inflammatory load, but they may also signal a 
greater risk of cellular senescence in the vascular endothelium, associated 
with atherosclerosis [73]. However, not all studies find that short telomeres 
are linked to higher risk; in mice it was shown that short telomeres could 
protect from atherosclerosis by limiting cellular proliferation in the 
atheromas [74]. Another paper unexpectedly found longer telomeres to be 
associated with greater left ventricular mass in humans, a marker of long-
term exposure to cardiovascular disease risk factors [75].  

Several published papers show a link between short telomeres and type 2 
diabetes [76-78], in one paper attributed to higher oxidative stress levels 
among the diabetes patients [77]. Uziel et al. found that telomeres were only 
shorter in diabetic patients with inadequate glycemic control [79]. Short 
telomeres were also shown to be independent predictors of diabetic nephro-
pathy progression in patients with type 1 diabetes; however, in that paper no 
difference in telomere length was found between patients and control 
subjects [80].  

Telomeres are due to their stabilizing effect on the chromosome and 
ability to limit cellular proliferation implicated in cancer biology [24,81]. 
Uncapping of the chromosome may in the absence of functional p53 and Rb1 
proteins lead to end-to-end fusions and genomic instability, which can 
promote carcinogenesis [22,82,83]. Numerous studies have investigated 
leukocyte telomere length and cancer risk, with conflicting results (e.g., [84-
88]). For example, breast cancer risk has been associated with both long and 
short leukocyte telomere lengths [84,85]. Nevertheless, a recent meta-
analysis found that short leukocyte telomere length was overall related to 
increased cancer risk [89]. 

Alzheimer’s disease and other dementia diseases have been linked to 
shorter telomere length, although some studies fail to support this. Thomas 
et al. and Honig et al. both observed shorter telomere length among 
individuals diagnosed with Alzheimer’s disease compared with non-
demented control subjects [90,91]. Panossian et al. found telomere length in 
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T cells, but not in B cells or monocytes, to be shorter among Alzheimer’s 
disease cases [92]. Jenkins and associates similarly found shorter telomeres 
in T cells among individuals with Down syndrome diagnosed with 
Alzheimer’s disease [93,94]. But in another study, neither telomere length 
nor the change in length over a two-year period were associated with 
dementia or mild cognitive impairment [95,96]. Martin-Ruiz et al. also failed 
to observe a relationship between telomere length and dementia in a 
longitudinal setting [97], but found in another cohort that telomere length 
predicted post-stroke dementia [98]. Another paper reports that telomere 
length was similar between subjects with vascular dementia and Alzheimer’s 
disease (no control subjects were included in this study) [99]. 

The literature on telomere length with regards to cognition among non-
demented individuals is equivocal. Valdes et al. report that longer telomere 
length among female twins aged between 19 and 78 years was related to 
better scores on tests tapping reaction time and working memory [100]. Two 
studies on the 1921 and 1936 Lothian Birth Cohorts found little evidence of a 
link between cognition and telomere length [101,102]. Mather et al. report 
conflicting data, with short telomere length being related to both good and 
poor cognitive scores, depending on the test [103]. The largest study, 
conducted on 2734 non-demented elderly, reports a greater decline in scores 
on the Modified Mini-Mental State Examination (3MS) over a seven year 
period among subjects who had shorter telomeres at baseline [104].  

 Other aging-associated diseases linked to short telomere length include 
osteoporosis [105], arthritis [106], and cataracts [107]. Premature aging 
syndromes such as Hutchinson-Gilford Progeria Syndrome have also been 
linked to short telomere length [108].  

Several unhealthy life style factors have been studied in relation to 
telomere length. Smoking has been linked to shorter telomeres [109-112], 
and longer telomeres have been found to correlate with higher levels of folate 
[113], vitamin D [114], omega-3 fatty acids [115], and supplementation of 
vitamin A and B12 [116]. Iron supplementation, a pro-oxidant and the 
supplementation of which has been shown to increase free radical excretion 
in feces [117], has been associated with shorter telomeres [116].  

The link between mortality and telomere length has been investigated in 
several publications. In the first paper, published by Cawthon et al. in 2003, 
subjects with the shortest telomeres had three times higher risk of dying 
from heart disease, and eight times higher risk dying from infectious 
diseases [118]. Two twin studies (with both mono- and dizygotic twins) 
provide robust support that shorter telomere length is associated with 
mortality [119,120]; but several studies on older subjects fail to find an 
association of telomere length with mortality, possibly due to survival bias 
[97,101,121-123].  
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Taken together, the epidemiological literature shows that leukocyte 
telomere length is associated with a wide variety of aging-associated diseases 
and life style factors, even if the findings not always are unequivocal or easily 
interpreted. It should be pointed out that almost all studies are cross-
sectional, with only a few being longitudinal and of these only a handful have 
follow-up times longer than a few years.  

 
 

Telomeres and psychiatry 
 

In 2006, Simon and colleagues were the first to link telomere length with 
psychiatric illness. Their sample contained 44 patients diagnosed with major 
depressive disorder and bipolar disorder (with and without anxiety) which 
combined exhibited significantly shorter telomere length compared with 
control subjects [124]. This observation was replicated by Lung et al. in a 
larger sample of 253 depression patients [125]. Hartmann et al. further 
corroborated the link between short telomere length and depressive illness. 
They did not observe any effect of duration of illness or different treatment 
regimens (high and low anti-depressant dose, or electroconvulsive 
treatment) on telomere length [126]. In contrast, Wolkowitz et al. reported 
an inverse relationship between telomere length and cumulative lifetime 
duration of depression. Furthermore, they found that shorter telomere 
length was related to higher indices of both oxidative stress (defined as the 
ratio of F2-isoprostanes to vitamin C) and inflammation (serum IL-6 
concentrations) [127]. Hoen et al. found shorter telomere length among 
depressed subjects, but depression was not predictive of change in telomere 
length over of 5-year period [128]. Overall, there is relatively strong support 
that telomere length is shorter among depressed subjects. However, the 
evidence that telomere length is related to duration of illness or that 
telomere length attrition rate is higher among depressed subjects is weak or 
absent. The lack of such associations would suggest that the difference in 
telomere length arises early or before the onset of depression. Longitudinal 
studies would be able to address this issue properly. 

In addition to the sample included in the study by Simon et al. [124], 
telomere length in bipolar disorder has been studied in only one paper [129]. 
Using quantitative fluorescence in situ hybridization (Q-FISH), Elvsåshagen 
and colleagues found that the fraction of short telomeres, but not mean 
telomere length, was greater among bipolar II disorder patients compared 
with control subjects [129]. 

Kao et al. reported a large difference in telomere lengths between 
schizophrenia patients and control subjects (difference of 1580 to 1750 bp) 
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[130]. This finding was corroborated by Fernandez-Egea et al. [131], but not 
by Mansour et al. [132]. 

In an influential paper from 2004, Epel et al. linked short telomere length 
with higher ratings of self-perceived stress, longer duration of chronic stress 
(mothers giving care to chronically ill children were classified as chronically 
stressed), and higher oxidative stress load (ratio of F2-isoprostanes to 
vitamin E) [133]. This finding was replicated by Damjanovic et al. who 
measured shorter telomere lengths among caregivers of Alzheimer’s disease 
patients [134]. Short telomeres have also been linked to higher levels of self-
perceived stress in a sample of 647 women [135]. 

Recently, several studies have been published showing that childhood 
trauma and adversity are associated with shorter telomere length in adult 
age [136-141]. More specifically, shorter telomere length was associated with 
physical and emotional neglect, parental unemployment, and own chronic or 
serious illness during childhood [136,139]. 

 
 

Telomere length in the brain 
 
Only a few studies have examined telomere length in cells derived from the 
central nervous system. As mentioned above, studies on telomere length in 
different tissues have established that there is synchronicity across tissues, 
meaning that an individual with relatively long leukocyte telomeres have 
relatively long telomeres in the cells derived from the brain as well [55-60]. 
However, telomeres are generally longer in adult brain samples compared 
with leukocyte telomeres, as can be expected owing to the limited cell 
proliferation taking place there [57,59]. 

The hippocampus is one of the few sites in the brain in which adult 
neurogenesis has been demonstrated [142]. Thomas et al. measured 
telomere lengths in hippocampal tissue samples from both Alzheimer’s 
disease patients and control subjects, and an comparison showed that 
hippocampal telomere length was 49% longer among the patients [90]. This 
may reflect a history of lower proliferative activity or a weaker proliferative 
capacity in the cells of the hippocampus among Alzheimer's patients. 
Thomas et al. measured leukocyte telomere length as well, but in contrast 
found it to be shorter among the Alzheimer’s disease patients. However, 
these measurements were not carried out in the same subjects from whom 
the hippocampal samples were taken, hence leaving it uncertain how the 
telomere lengths in the two tissues correlate in Alzheimer’s disease. In a 
study of mice, Rolyan et al. found that telomere shortening inhibited adult 
neurogenesis and impaired the maintenance of post-mitotic neurons in the 
hippocampus. However, interestingly they also report that short telomeres 
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inhibited the progression of Alzheimer’s disease-associated pathology and 
protected against the development of memory defects [143]. Another study 
measured cerebellar telomere lengths in Alzheimer’s disease patients and 
control subjects and did not observe any significant difference between the 
two groups. Leukocyte telomere length (measured only in the patients) did, 
however, correlate with telomere length measured in cerebellar samples 
[144]. 

Nakamura et al. investigated telomere length in gray and white matter in 
neonates and individuals aged 60 to 100 years [145]. They observed highly 
similar lengths in neonates, but slightly shorter lengths in adult gray and 
white matter compared with neonates. The slight telomere length shortening 
in these two tissues may be explained by slowly proliferating glial cells in the 
cerebral cortex, and proliferating oligodendrocytes in the white matter. 
Interestingly, they also observed that telomere lengths increased in both of 
these tissues beyond the age of 80. Average life expectancy in Japan is 
around 80 years, suggesting that individuals living longer than average have 
longer telomeres not only in leukocytes, as shown in other studies, but also 
in cerebral tissue. Due to the low rate of shortening in these tissues, this 
suggests that telomere lengths already at birth may be predictive of lifespan 
[145].   

Parkinson’s disease is a neurodegenerative disorder caused by the death of 
dopaminergic neurons in the substantia nigra. The possibility of telomere 
length being implicated in this unexplained cell death prompted Hudson et 
al. to investigate the telomere length in cells from the substantia nigra from 
both Parkinson’s disease patients and control subjects [146]. They found no 
difference in substantia nigra telomere length, but surprisingly they found 
that leukocyte telomere length was longer among the patients. The latter 
finding is in line with a previous investigation showing that men with 
Parkinson’s disease had longer leukocyte telomere length than control 
subjects [147]. However, a third study reported shorter leukocyte telomere 
length among Parkinson’s disease patients, making it difficult to draw any 
definite conclusions [148]. 

 
 

The aging brain 
 

As with aging in general, aging of the brain is a complex and heterogeneous 
process with a high degree of inter-individual variability. The most profound 
macroscopic change with age is shrinkage. Brain atrophy begins at a slow 
rate already in early adulthood, and becomes more accentuated in the sixth 
decade of life [149-151]. However, this process of weight and volume 
reduction is not uniform; instead, atrophy begins at different ages and 
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proceeds at different paces depending on brain region. While the sensory 
cortices seems rather resistant to age-related decline, atrophy of the 
prefrontal white matter accelerates with increasing age, and the 
hippocampus (Figure 4b) exhibits a highly non-linear volume decrease with 
age [151,152]. Cortical atrophy is reflected in narrowing of the gyri and 
widening of the sulci, and subcortical atrophy in enlargement of the lateral 
ventricle. On a microscopic level, brain atrophy can be attributed to factors 
such as vascular changes, decline in synaptic density, and loss of neurons 
and their myelinated fibers [150].  

Another structural brain change associated with aging is white matter 
hyperintensities (WMHs); a denomination given due to their appearance as 
bright hyperintense foci in white matter on T2-weighted magnetic resonance 
imaging scans (Figure 4a). WMHs are categorized according to their 
location: subcortical WMHs appear in the deep white matter between the 
cortex and the ventricles, and periventricular WMHs line the borders of the 
lateral ventricles. The distinction made between these two hyperintensities 
may be important, as they likely have different etiologies and different 
impacts on cognition [153,154]. The anatomical correlates of these image 
phenomena are diverse, and include myelin loss, gliosis, neuropil atrophy, 
and microvascular disease [149,155].  

 
 
 
 

 
 
 

Figure 4. (a) White matter hyperintensities lining the lateral ventricles. (b) Lateral view of the 
brain, showing the hippocampus in the medial temporal lobe. Image (a) reproduced from van 
Elderen et al., 2010 [156]. 
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Brain atrophy and development of WMHs are closely associated with each 
other, but to what degree this association is independent of shared risk 
factors is not clear. Risk factors for both WMHs and brain atrophy are 
mainly vascular factors, and include hypertension, hyperlipidemia, diabetes, 
and obesity. Although both brain atrophy and WMHs can be seen in 
asymptotic young subjects, both are among elderly linked to cognitive 
decline and the development of dementia [157-159]. 

The cognitive functions relevant to this thesis are mainly episodic and 
semantic memory. Episodic memory is the memory of personal experiences 
and events in a particular time and place. Evidence from longitudinal studies 
implies it remains stable up to the sixth or seventh decade of life. Deficits in 
episodic memory are predictive of development of dementia. Semantic 
memory denotes memory of facts and general knowledge about the world. It 
is more resistant to age-related decline as compared to episodic memory. 
Nevertheless, decline in semantic memory performance seems to take on in 
the seventh or eighth decade of life [160,161]. 

 
 

The HPA axis 
 
Stress is defined as a state where the homeostasis of the organism is 

threatened, or perceived to be threatened, by internal or external adverse 
factors termed stressors. The stress response facilitates arousal, vigilance, 
attention, cognition, and aggression; and inhibits reproduction, feeding, and 
growth. It is mediated by the stress system, and balance in this system is 
desirable as both hyporesponsiveness and hyperresponsiveness of it can lead 
to adverse health effects. A central player in the neuroendocrine stress 
system is the hypothalamic-pituitary-adrenal (HPA) axis (Figure 5), having 
cortisol as a central effector constituent [162,163]. 

The HPA axis is composed of three key elements: the paraventricular 
nucleus of the hypothalamus, the anterior lobe of the pituitary gland, and the 
adrenal cortices. Activation of the axis begins in the paraventricular nucleus, 
where secretion of corticotropin-releasing hormone (CRH) occurs. CRH 
travels via the hypophyseal portal circulation to the anterior lobe of the 
pituitary gland where CRH triggers secretion of adrenocorticotropic 
hormone (ACTH). Via the peripheral circulation, ACTH reaches the adrenal 
glands where it mainly stimulates the release of cortisol from the zona 
fasciculata. Cortisol is thereafter disseminated throughout the entire body, 
reaching all tissues, where it exerts its main effects by triggering the 
glucocorticoid receptors. The range of effects this has is substantial, with 
cortisol being involved in every organ system and almost every physiological 
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and molecular network, and is estimated to influence up to 20% of the 
expressed human genome. Cortisol exerts negative feedback on the HPA axis 
by inhibiting CRH and ACTH at the level of the hypothalamus and the 
pituitary glands, respectively [162,163,165]. 

Although stress has traditionally been associated with activation of the 
HPA axis, more recent research has shown that stress-related disorders can 
also be associated with a hyporesponsive HPA axis; a state denominated 
hypocortisolism [166,167]. A fraction of patients with stress-related dis-
orders such as post-traumatic stress disorder [168-170], chronic fatigue syn-
drome [171-174], fibromyalgia [175-177], irritable bowel syndrome [178], and 
burnout [179,180] have been shown to exhibit hypocortisolism. The term 
hypocortisolism may be misleading as it does not necessarily equal low levels 

 
Figure 5. The hypothalamic-pituitary-adrenal axis. Adapted from Wang et al., 2005 [164]. 
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of circulating cortisol, but rather refers to hypoactivity on at least one of the 
levels of the HPA axis. Accordingly, hypocortisolism may be constituted by 
reduced or depleted hormone levels, downregulated hormone receptors, or 
increased feedback sensitivity [166,167]. The seemingly contradictory 
findings of both hyper- and hypocortisolemic states in stress related 
disorders were first by Hellhammer and Wade suggested to be explainable by 
a two-phase model [181]. They proposed that stress may initially produce a 
hypercortisolemic state, but that prolonged and persistent stress may favor 
the development of a hypocortisolemic state. This model has gained some 
support from both animal experiments and human studies, and a meta-
analysis on chronic stress and HPA axis activity concluded that the most 
robust finding was that of an inverse relationship between HPA axis activity 
and time since onset of chronic stress [166,182]. 

The most common and consistent feature of disorders exhibiting 
hypocortisolism has been argued to be a hypersensitive negative feedback 
response at the level of the pituitary, as indicated by an exaggerated cortisol 
suppression in response to a dexamethasone challenge [166]. Dexa-
methasone is a synthetic glucocorticoid which, like other glucocorticoids, 
exerts negative feedback of the HPA axis. The standard dexamethasone 
suppression test (DST), first developed for diagnosing Cushing’s syndrome 
[183], permits the distinction between responders and non-responders to 
negative feedback of the HPA axis. This high dose (1 mg or more) DST does 
not, however, discern “normal” responders from individuals with a 
hypersensitive negative feedback response, as this dose leads to a bottom 
effect, effectively masking individuals with hypersensitive feedback among 
those exhibiting normal suppression. This prompted the introduction of 
lower dose DSTs, typically 0.5 or 0.25 mg, for the purpose of separating 
normal responders from potential hyperresponders [168]. These regimens 
have fueled discoveries of individuals with hypersensitive negative feedback 
among samples of patients suffering from stress-related disorders [166]. 

Stress and depressive disorder are intimately related to each other. Most 
depressive episodes are precipitated by preceding stressors, and the 
depressive state itself generates stress and increases the occurrence of 
stressful life events [184,185]. Studies which have gauged the activity of the 
HPA axis in depression have frequently reported an overactivity; expressed 
as high levels of basal cortisol, or non-responses to dexamethasone 
challenges [186-188]. However, these studies have often been performed in 
young or middle-aged inpatients, while studies in older outpatients have 
found that a subset of depressed individuals exhibited a hypocortisolemic 
HPA axis profile [189-191]. With evidence supporting that hypocortisolism 
develops out of chronic stress [182], these findings may reflect a long life of 
struggling with depression. 
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Apolipoprotein E 
 

Apolipoprotein E (apoE) is a 34 kDa protein named after its first discovered 
role in lipoprotein metabolism. It is mainly secreted in the liver, but 20-40% 
of systemic apoE is synthesized in tissues outside of the liver (e.g., in the 
brain and macrophages). In the brain, it is involved in lipid transport and 
contributes to neuronal maintenance and repair [192,193]. 

The apolipoprotein E (APOE) gene exists in three common allelic forms: 
the ε2, ε3, and ε4 allele (encoding for the apoE2, apoE3, and apoE4 
isoforms, respectively). Since the discovery in 1993 that the ε4 allele, carried 
by about a quarter of the population, is a genetic risk factor for Alzheimer’s 
disease, the APOE gene has arisen to become one of the most widely studied 
genes [194,195] Relative to being homozygous for the ε3 allele, heterozygous 
and homozygous ε4 carriers have about 4 and 16 times higher odds of 
developing Alzheimer’s disease, respectively. The ε2 allele, present in 5-10% 
of the population, appears to convey a protective effect against Alzheimer’s 
disease. Additionally, attributed in part to the negative impact of apoE4 on 
the lipid profile, APOE ε4 carriers have higher risk of cardiovascular disease 
compared with ε3/ε3 carriers, while the ε2 allele confers protection against 
cardiovascular disease [196-198]. The importance of APOE in neuronal 
maintenance and repair is demonstrated by the finding that ε4 carriers have 
higher risk of dementia following head trauma [199]. Furthermore, brain 
imaging studies tend to show that the volume of the hippocampus is typically 
smaller among ε4 carriers, particularly in Alzheimer’s disease patients [200-
204].  

The mechanism by which the apoE4 protein exerts its negative influence 
on disease risk is not fully understood. The impact on lipid profile imposed 
by the ε4 allele is not considered to fully explain the increased risk of 
cardiovascular disease, and does not explain the increased risk of 
Alzheimer’s disease which this allele confers. New possibilities of unraveling 
the pathophysiological basis of the apoE isoforms have emerged with recent 
research showing antioxidant and immunomodulatory properties among the 
apoE isoforms [196]. The apoE4 protein has in vitro been shown to be 
inferior to the other isoforms in several facets of antioxidative ability (E4 < 
E3 < E2), and in vivo studies show that APOE ε4 carriers exhibit signs of 
poorer oxidative defense compared with non-carriers (e.g., higher levels of 
hydroxyl radicals and TBARS in Alzheimer’s disease patients, higher levels of 
F2-isoprostanes and oxidated LDL, and lower total antioxidant status in 
smokers) [196,205,206]. Additionally, inflammatory responses are increased 
in ε4 carriers; exhibiting higher levels of IL-8, IL-6, and TNF-α [196,207]. In 
view of the heightened inflammatory response among ε4 carriers, it is 
interesting that the ε4 allele actually seems to confer protection from 
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hepatitis C-induced liver cirrhosis [208], post-herpetic neuralgia [209], and 
cognitive deficits following early childhood diarrhea [210,211]. 
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Aims 
 
General aim 
 
The overall aim of this thesis was to investigate the potential relationships of 
leukocyte telomere length with functional and structural attributes of the 
brain.  
 
 
Specific aims 

 
I. To investigate the relationships of leukocyte telomere length 

with apolipoprotein E polymorphism and cognitive abilities in 
non-demented individuals. 

 
II. To investigate the relationships between leukocyte telomere 

length and hippocampal volume in context of apolipoprotein E 
genotype in non-demented individuals. 

 
III. To investigate how leukocyte telomere length relates to 

biological and psychological measures of stress in patients 
diagnosed with recurrent major depressive disorder and control 
subjects. 

 
IV. To investigate the relationships of leukocyte telomere length 

with brain atrophy and white matter hyperintensities in non-
demented individuals.  
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Materials and Methods  
 

Study participants 
 

In total, 470 individuals recruited from the Betula Study participated in the 
four papers. In Paper III, the patient sample consisted of participants 
enlisted in the UmeDep sample. A basic overview of the participants in the 
four papers is shown in Table 1. 

 
 

The Betula Study 
 
The Betula Study is an ongoing prospective cohort study initiated in 1988, 
aimed at exploring various aspects of health, aging, and memory [212,213]. 
Initially, 1000 participants were recruited, with continuous expansion and 
follow-up about every five years. Today, the Betula Study has enrolled about 
4500 individuals since its inception in 1988. Participants in the study are 
recruited via random selection from the population registry of Umeå 
municipality. Umeå municipality is a coastal region (ca. 5000 km2) located 
in northern Sweden. It has a total population of ca. 115 000, with about 
85 000 (74%) of these living in urban areas. Sweden has a long tradition of 
maintaining a population registry, contributing to an efficient and complete 
register. A comparison of participants in the Betula Study with non-
participants using publicly available information from Statistics Sweden 
(Statistiska centralbyrån) showed that the Betula Study sample was highly 
representative of the general population in Umeå. Compared with the 
general population of Sweden, participants in the Betula Study had slightly 
higher income and higher level of education; however, this was expected 
considering the location of a university in Umeå. Exclusion criteria for the 
Betula Study were dementia, mental retardation, serious visual or auditory 
handicap, and other features that would interfere with the compliance of the 
study protocol (e.g., not talking Swedish fluently). The interdisciplinary 
nature of the Betula Study and the high representativeness of its study 
population has led to the participation of Betula Study subjects in a wide 
spectrum of research disciplines, where they have acted either as healthy 
control subjects or as primary research subjects (e.g., [214-217]). 

 
 

The UmeDep sample 
 

In Paper III, 91 individuals diagnosed with recurrent major depression 
participated. All patients were recruited from the catchment area of the 
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psychiatric care in Umeå (Umeå municipality). Between 1998 and 2001, 
patients who met the DSM-IV diagnostic criteria for major depressive 
disorder, recurrent type (unipolar affective disorder), were identified via 
medical records. The goal of the recruitment of this sample was to achieve a 
sample of individuals exhibiting a severe and pure depressive phenotype. 
Every candidate for participation had to be without any other major 
psychiatric disorder. Lifetime diagnosis of bipolar disorders, dysthymia, 
post-traumatic stress disorder, substance abuse, alcohol abuse, organic brain 
disorder, neurologic disorder, or anxiety disorder disqualified the patients 
from participation. Diagnosis was made by an experienced research 
psychiatrist. Structured clinical interviews were carried out, including the 
Diagnostic Interview for Genetic Studies (DIGS) [218] and the Family 
Interview for Genetic Studies (FIGS) [219]. During an eight year period, 
surveillance of the patients included in the sample revealed instances of 
manic or hypomanic episodes in six of the patients; individuals which 
consequently were excluded from the sample. The final sample consisted of 
91 individuals, out of which 82 had melancholic features in their most recent 
depressive episode. The sample’s mean duration of illness was 27.9 years. All 
patients lived in the Umeå municipality, and were outpatients at the time of 
data collection. 

 
 
 

Table 1. Basic overview of participants in all four papers. 
 n Age  Gender  

  Mean (SD) [range] ♂/♀ (%♂) 
    
Full Betula sample 470 58.9 (11.5) [25-81] 228/242 (49) 
    
Paper I 427 60.6 (9.9) [41-81] 205/222 (48) 
    
Paper II 57 61.6 (8.2) [49-79] 21/36 (37) 
    
Paper III    
    patients (UmeDep) 91 60.4 (13.1) [21-87] 36/55 (40) 
    control subjects  451 58.9 (11.6) [25-81] 224/227 (50) 
    
Paper IV 102 69.3 (3.8) [64-75] 51/51 (50) 
    
SD, standard deviation.  
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Telomere length measurements 
 

All telomere length measurements carried out in the four original papers 
included in this thesis were performed using a quantitative real-time 
polymerase chain reaction (PCR) method, originally devised by R. Cawthon 
(University of Utah, Salt Lake City, United States) in 2002 [64]. The basic 
outline of the method is to use PCR to amplify both telomere repeats and a 
single copy housekeeping gene for each DNA sample. The ratio between 
these two quantities reflects relative telomere length. 

Genomic DNA from the study participants was extracted from blood 
samples using standard procedures. DNA from the CCRF-CEM cell line was 
included in the assay as a reference DNA sample. Each DNA sample was 
diluted with TE buffer to 1.75 ng/µl, and 2 µg/ml Escherichia coli DNA 
(Sigma Aldrich) was added as carrier DNA. The samples were then 
denatured at 95 °C, chilled on ice, and centrifuged briefly at 730 g. Samples 
were transferred in triplicates to each of two 96 well plates (17.5 ng sample 
DNA/well); one plate for amplification of telomere repeats and one plate for 
amplification of the β2-globin gene (single copy housekeeping gene). Each 
plate included serial dilutions of DNA (0.3 to 5.0 ng/µl) from the CCRF-CEM 
cell line for the purpose of constructing a standard curve, allowing for the 
evaluation of the efficiency of the PCR run and relative quantification of the 
included samples. Each plate also included a triplicate of a negative control 
(lacking DNA) and a triplicate of a reference DNA sample (CCRF-CEM 
DNA).  

Two PCR mixes were prepared for the PCR runs; one for the telomere 
repeat amplification plate and one for the β2-globin gene amplification plate. 
Common to both mixes were 50 mM KCl, 10 mM Tris-HCl (pH 8.0), 0.2 mM 
of each of the four dNTPs (MBI Fermentas), 150 nM 6-ROX (Molecular 
Probes), 0.2x SYBR Green (Roche Diagnostics GmBH), 1% DMSO, and 1.25 
units of AmpliTaq Gold DNA polymerase (Applied Biosystems). Additionally, 
the telomere mix included 1.7 mM MgCl2, 2.5 mM DTT, 100 nM Tel1b 
primer, and 900 nM Tel2b primer (telomere repeat primers); and the β2-
globin mix included 2 mM MgCl2, 5 mM DTT, and 400 nM each of the Hbg3 
and Hbg4 primers (β2-globin gene primers). Primer sequences are shown in 
Table 2.  

The PCR amplification procedure was performed using an ABI Prism 
7900HT Real-Time PCR system (Applied Biosystems). Conditions were as 
following for the telomere amplification: a hot-start initialization step 
consisting of 10 min at 95 °C to activate the TaqMan polymerases, 25 cycles 
of denaturation at 95 °C (15 s) and annealing/extension at 56 °C (60 s). 
Conditions for β2-globin gene amplification differed in that 40 cycles were 
carried out and annealing/extension temperature was 54 °C. 



30 
 

 
 
Table 2. PCR primer sequences. 
Primer  Primer Sequence (5'-to-3') 
Tel1b CGGTTTGTTTGGGTTTGGGTTTGGGTTTGGGTTTGGGTT 
Tel2b GGCTTGCCTTACCCTTACCCTTACCCTTACCCTTACCCT 
Hbg3 TGTGCTGGCCCATCACTTTG 
Hbg4 ACCAGCCACCACTTTCTGATAGG 
ApoE-A TCCAAGGAGCTGCAGGCGGCGCA 
ApoE-B ACAGAATTCGCCCCGGCCTGGTACACTGCCA 

 
 
 

The Ct (threshold cycles) values from the PCR runs were used to calculate 
a telomere/single-copy (T/S) ratio by using the formula T/S = 2-ΔCt, where 
ΔCt = Ct (telomeres) - Ct (β2-globin). A relative T/S ratio was calculated by 
dividing the T/S ratio of the participant samples with the T/S ratio of the 
reference DNA sample (CCRF-CEM DNA). SDS 2.1 software (Applied 
Biosystems) was used to procure Ct values and to construct a standard curve. 
Relative TLs (measured in relative T/S ratios) were converted to telomere 
restriction fragment lengths (measured in base pairs) based on correlation 
data derived from samples measured using both quantitative real-time PCR 
and the Southern blot method. 

 
 

Apolipoprotein E genotyping  
 

Apolipoprotein E is coded by the APOE gene, located on chromosome 19, 
and exists in three common allelic forms: APOE ε2, APOE ε3, and APOE ε4. 
APOE genotype was included in Paper I and Paper II. Genotyping was 
carried out using a PCR method [220,221], using 200 ng genomic DNA as 
template. PCR mixes contained 75 mM Tris-HCl (pH 9.0), 20 mM 
(NH4)2SO4, 1 mM MgCl2, 10% DMSO, 0.2 units of Taq DNA polymerase 
(Gibco BRL), and 20 pmol each of the PCR primers ApoE-A and ApoE-B. 
Primer sequences are shown in Table 2. The PCR amplification consisted of 
35 cycles of 30 s at 94 °C, 30 s at 65 °C, and 30 s at 72 °C. The amplification 
products were digested with 5 units of HhaI restriction endonuclease (Life 
Technologies) for 3 h at 37 °C. The digested products were then separated on 
a 5% agarose gel followed by ethidium bromide staining and UV visualizing. 
Alternatively, ExcellGel gels (Pharmacia/Pfizer) and the Multiphor II 
Electrophoresis System (Pharmacia/Pfizer) were used with subsequent silver 
staining for visualization. 
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Dexamethasone suppression test 
 

Dexamethasone is a synthetic glucocorticoid which binds to the gluco-
corticoid receptor. In Paper III, a weight-adjusted very low dose 
dexamethasone suppression test (DST) was carried out to measure the 
negative feedback sensitivity of the hypothalamic-pituitary-adrenal (HPA) 
axis. 

The participants received a pre-measured dexamethasone solution, 
containing 3.5 µg dexamethasone phosphate per kilogram of body weight. 
The participants were instructed to ingest it at 23.00 the night before blood 
draw. The following morning, between 8.00 and 10.00, fasting participants 
were sampled for blood. Eighty-two patients diagnosed with recurrent major 
depression and 263 control subjects participated in the weight-adjusted very 
low dose DST. Subjects which were on corticosteroid medication were 
excluded from participation in the test. To determine dexamethasone 
ingestion compliance, all of the 82 patients and 60 control subjects had their 
serum/plasma analyzed for dexamethasone. Analyses indicated excellent 
compliance, as all 142 subjects had detectable levels of dexamethasone. 
Cortisol in both basal morning serum samples and post-DST serum samples 
were measured in an accredited laboratory using an electrochemilumi-
nescence immunoassay on a Modular E170 (Roche Diagnostics) analyzer. 
Dexamethasone concentrations were measured using a radio-immunoassay 
technique. 

 
 

Additional laboratory procedures 
 

Cotinine, the major metabolite of nicotine, was measured in plasma using 
the Immulite 2000 Nicotine Metabolite kit with the Immulite 2000 
Immunoassay System (Siemens Medical Solutions Diagnostics). Cotinine 
remains detectable in plasma up to seven days after tobacco usage, and is 
currently the preferred biomarker of tobacco usage [222]. It was used in 
Paper I and II to assess tobacco use and smoking. 

In Paper III, the acute-phase protein and non-specific inflammatory 
marker C-reactive protein (CRP) was measured to assess the degree of low 
grade inflammation. It was measured in plasma using the Immulite 2000 
High Sensitivity CRP kit with the Immulite 2000 Immunoassay System 
(Siemens Medical Solutions Diagnostics). Participants with CRP levels above 
10 mg/L were excluded from analyses involving CRP. This was done because 
levels above 10 mg/L are commonly due to infection, subsequently masking 
baseline CRP levels. 
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Magnetic resonance imaging 
 

Data derived from magnetic resonance imaging (MRI) scans were included 
in both Paper II and Paper IV; in Paper II to assess hippocampal volume, 
and in Paper IV to assess brain atrophy and white matter hyperintensities 
(WMHs). 
 
 
Hippocampal volume 

 
MRI data for determining hippocampal volume were obtained using a 1.5 

T Philips Intera Scanner (Philips Medical Systems) [200]. A T1-weighted 3D 
gradient echo sequence with the following parameters was used: repetition 
time = 24 ms, echo time = 6 ms, flip angle = 35°, field of view= 180 × 180 
mm, slice thickness = 1.8 mm, matrix = 160 × 160 (reconstructed to 256 × 
256). For each participant, 124 anatomical images were procured. Brain 
Image 5.2.5 was used to correct for undesirable head tilt, rotation and pitch; 
and Matlab 6.1 (Mathworks Inc.) to achieve an isotropic voxel size (0.703 
mm). For hippocampal volume measurement, images were processed in NIH 
Image 1.20 (public domain software, available from http://rsb.info.nih.gov/ 
nih-image/) where the outline of both the right and the left hippocampi were 
manually traced on every other coronal slice (between 17 and 23 slices per 
participant were required). Body height was used to adjust hippocampal 
volumes for differences in body (and head) size via analysis of covariance 
[200,223,224]. 

These MRI scans were conducted within a prior project, and results of 
structural and functional analyses pertaining to these MRI scans have been 
published by Lind et al. [200,224]. 

 
   

Brain atrophy and white matter hyperintensities 
 

MRI data were acquired using a mobile Magnetom Impact/Expert 1.0T 
machine (Siemens) [225,226]. Twenty axial slices of T2-weighted/proton 
density images (repetition time = 2200 ms, echo time = 80/20 ms, flip angle 
= 80°, field of view = 256 mm, slice thickness = 5 mm with 1.0 or 1.2 mm 
gap) and T1-weighted images (repetition time = 700 ms, echo time = 14 ms, 
flip angle = 70°, field of view = 256 mm, slice thickness = 5 mm with 1.0 or 
1.2 mm gap) with spin echo sequences were assessed. All scans were 
evaluated by one reader at the Department of Radiology at Daniel Den Hoed 
Cancer Center in Rotterdam, the Netherlands [225-228].  
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Five measures of cortical atrophy and three of subcortical atrophy were 
assessed. Cortical atrophy was assessed at the frontal, parietal, occipital, 
insular, and temporal lobe; and was rated from 0 to 3. A global measure of 
cortical atrophy was achieved by summing up all five separate atrophy 
ratings. Subcortical atrophy was measured at the level of the frontal horns, 
laterally at the caudate nuclei, and at the occipital horns; and was defined as 
the ratio between the ventricular width and the corresponding brain width, 
with larger ratios implying greater degrees of subcortical atrophy. A mean of 
all three ratios was calculated, representing global subcortical atrophy in that 
participant [225].  

Subcortical and periventricular WMHs were also assessed. Subcortical 
WMHs were classified according to lobe location (parietal, frontal, temporal, 
and occipital) and rated according to frequency. All subcortical WMHs were 
summed up into a global subcortical score. Periventricular WMHs were 
classified according to location (adjacent to the frontal horns, to the walls of 
the lateral ventricle, and to the occipital horns), and rated according to 
severity grade (0, none; 1, pencil-thin lining; 2, smooth halo; 3, large 
confluent). Scores for each of the three locations were summed up to yield a 
total score (ranging from 0 to 9) [226].  

These MRI scans and associated ratings and classifications were con-
ducted within the European CASCADE project [227]; analyses pertaining to 
these MRI scans have been published by Söderlund et al. [155,225,226,228]. 

 
 

Cognitive assessments 
 

In Paper I, a battery of tests designed to measure cognitive abilities was 
employed. In total, seven tasks were chosen: four tapping episodic memory, 
two tapping semantic memory, and one test of visuospatial skills [212]. Tasks 
are listed in Table 3. 

 
 

Table 3. Cognitive tasks in Paper I.  
Task Cognitive system 
Immediate free recall, subject performed task Episodic memory 
Immediate free recall, verbal task Episodic memory 
Delayed recognition, subject performed task Episodic memory 
Delayed recognition, verbal task Episodic memory 
Verbal fluency Semantic memory 
SRB vocabulary  Semantic memory 
Block design Visuospatial skill 
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In the episodic memory task session, participants were first presented 
with two lists of short sentences in imperative form containing one verb and 
one noun (e.g., “roll the ball”, “break the match”). Participants were 
instructed to memorize these sentences. Each list contained 16 sentences; for 
one of these lists the participants were instructed to enact the given 
sentences using relevant objects provided to them, the other list had their 
sentences read aloud to the participants (with no object provided). 
Immediately after each list was presented to the participants, a free recall 
test (i.e., recall in any order) was given to them. These two tests are denoted 
immediate free recall, subject performed task (SPT); and immediate free 
recall, verbal task (VT). Approximately 30 minutes later in the test session, 
participants were administered a recognition test. This task contained 32 
sentences, half of which were not presented during the prior study phase. 
Participants were instructed to indicate sentences that they recognized from 
the earlier phase (eight VTs, eight SPTs). These two tests are denoted 
delayed recognition, SPT; and delayed recognition, VT [212]. 

Semantic memory was tested using a verbal fluency test and a vocabulary 
test. In the verbal fluency test the test subject was instructed to generate as 
many words as possible beginning with the letter “A” during the period of 
one minute. In the SRB vocabulary test participants were given a list with 30 
target words. Another five words were presented next to each target word. 
One of these five words was a synonym to the target word, and the 
participants were instructed to indicate the word with identical meaning to 
the target word [212]. 

The block design test asks the participant to arrange red and white blocks 
in a pattern similar to a target pattern. The task taps visuospatial skills [212].  

 
 

Questionnaires 
 
In Paper III, a number of self-report questionnaires were used to assess 
symptoms of depression, anxiety, and perceived stress. The administered 
questionnaires were the Swedish versions of the Beck Depression Inventory 
(BDI) [229], Beck Anxiety Inventory (BAI) [230], Center for Epidemiologic 
Depression (CES-D) scale [231], and Perceived Stress Questionnaire (PSQ) 
[232,233]. The CES-D was administered to both patients and control 
subjects, while the BDI and BAI instruments were used only among the 
depression patients. The PSQ scale was administered only to a subgroup of 
control subjects.  

The BDI consists of 21 four-point items designed to measure severity of 
depression in a clinical setting, assessing both cognitive and physical 
symptoms related to depressive symptomatology. The BAI likewise has 21 
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four-point Likert items and aims to evaluate the presence of anxiety 
symptoms. The CES-D scale is a questionnaire developed for screening of 
depressive symptoms in the general population. It consists of 20 four-point 
Likert items, primarily concerning the affective component of depressive 
symptomatology. The PSQ is an instrument with 30 four-point Likert items 
dealing with perceptions of stress experienced by the respondent during the 
last month. The emphasis of the items is on cognitive perceptions. All of the 
instruments ask of the respondent to fill it out based on experiences and 
feelings during the past week, with the PSQ being an exception as it deals 
with the last month. 

  
 

Ethics 
 
Written informed consent was obtained from all study participants, and the 
studies were approved by The Regional Ethical Review Board in Umeå, 
Sweden. 

 
 

Statistical methods 
 
In all four papers, all statistical calculations were performed using SPSS 
(SPSS 15, SPSS 16, SPSS Statistics 17, PASW Statistics 18, IBM SPSS 
Statistics 19), and the significance level (α) was always 5% (p = 0.05). 
Hypotheses were always two-sided, subsequently always tested using two-
tailed tests. 

Significant differences between two mean values were tested using 
Student’s t-test, and differences in distributions of categorical data were 
tested using either the Chi-square test (Paper I, II) or Fisher’s exact test 
(Paper III). Testing for differences between multiple mean values was 
performed with one-way ANOVAs, or ANCOVAs when adjusting for 
covariates. Brown-Forsythe tests were applied to ANOVAs when the 
assumption of equal variance could not be fulfilled. Pearson’s correlation 
coefficient (r) was calculated to measure linear dependencies between two 
interval scores. Multiple linear regression was applied when evaluating 
several variables’ independent linear relationships with a dependent 
variable, e.g., when evaluating the age-independent relationship between a 
given variable and telomere length. In Paper I and III, hierarchical multiple 
linear regression was used to assess the independent contribution of 
telomere length to the degree of variation of the dependent variable 
explained (R2) by the model. Covariates were entered into a first block, and 
telomere length into a second block. Spearman’s rank correlation coefficient 
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(rs) was calculated to evaluate monotonic relationships between two 
variables. This was done either due to low number of data points, where 
outliers can have disproportionate amount of influence, or when the scale 
type of the data was ordinal. The Mann-Whitney U test was applied when 
comparing differences between two groups when conditions for parametric 
tests (Student’s t-test) were not fulfilled. 
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Results and Discussion 
 

Telomeres and apoliprotein E 
 
Based on the aforementioned influence of apolipoprotein E (APOE) 
polymorphism on disease risk and oxidative/antioxidative balance, we 
hypothesized in Paper I that telomere length dynamics would differ 
depending on APOE genotype.  

In our sample of 427 non-demented individuals, aged 41 to 81 years, we 
observed that carriers of the APOE ε4 allele overall had longer telomere 
length (difference of 268 bp, p = 0.001; adjusted for age and gender) 
compared with non-ε4 carriers (ε2/ε2, ε2/ε3, and ε3/ε3). Further analysis of 
the relationship between telomere length and APOE genotype across the age 
range of the sample revealed an interaction between age and APOE 
genotype. The rate at which telomere length of ε4 carriers declined with age 
was significantly higher (37 bp/year; p = 0.049) compared with that of non-
ε4 carriers (21 bp/year). ε2 carriers exhibited very little telomere length 
decline with increasing age (8 bp/year; significantly different from that of ε4 
carriers, p = 0.017; but not from that of ε3/ε3 carriers, 24 bp/year, p = 
0.151). At the lower age limit of the sample (41 years), ε4 carriers had 537 bp 
longer telomeres than ε3/ε3 carriers (p = 0.004). With a diminishing gap in 
telomere length between carriers and non-carriers of the ε4 allele with 
increasing age, the difference was no longer significant at the age of 67 and 
above. At the upper age limit of the sample (81 years), ε3/ε3 carriers and ε4 
carriers had similar telomere lengths (4974 bp vs. 4978 bp, respectively), 
while ε2 carriers exhibited the longest telomeres (5345 bp, not significantly 
different from telomere lengths of ε3/ε3 and ε4 carriers at the age of 81). 

Among other telomere-focused studies including APOE genotyped 
participants, only Starr et al. report a significant association [234]. They 
observed shorter telomere length in subjects carrying the ε4 allele. But their 
subjects were all 79 years old, an age at which we observed no significant 
differences in telomere lengths between APOE genotypes. Another five 
papers with APOE genotyped participants do not communicate any 
significant links between telomere length or attrition rate and APOE 
genotype [56,91,95,98,104]. However, these studies included subjects with 
an average age of at least 73 years (von Zglinicki et al. [56] did not disclose 
the age of their APOE genotyped subsample), some had mixed samples (both 
patients and healthy individuals), and, with the exception of Yaffe et al. 
[104], had smaller samples. Interestingly, Martin-Ruiz et al. [98] present 
data showing that 28 of their 40 (64%) non-demented ε4 carriers had 
telomere lengths above the median telomere length of their sample, but they 
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did not present any statistical results of analyses performed on these 
numbers. 

Inflammation and oxidative stress contribute to accelerated telomere 
shortening. APOE has an influence on both of these factors: carriers of the ε4 
allele exhibits higher levels of oxidative stress markers, and is associated 
with an increased systemic inflammatory response [196,207]. The reported 
genotype-specific inflammatory and oxidative stress load (ε4 > ε3 > ε2) are 
in concord with the by us observed genotype-specific telomere shortening 
rates (ε4 > ε3 > ε2), suggesting that oxidative stress and inflammation 
mediate the observed relationship between attrition rate and genotype. 

However, this does not explain why ε4 carriers had longer telomeres for 
the greater part of the age span. Instead, the aforementioned associations 
with inflammatory and oxidative burden suggest that telomere length should 
be shorter among the ε4 carrying individuals [196]. Why, or when, the 
difference in telomere length between carriers and non-carriers of the ε4 
allele arises cannot be deduced from our data. One explanatory hypothesis is 
that the ε4 allele confers, or is associated with, some anti-proliferative 
attribute. Such a telomere length conserving effect could contribute to longer 
telomeres among ε4 carriers early in life, while the age-associated increase in 
inflammation and oxidative burden eventually lead to a faster decline in 
telomere length among ε4 carriers due to the poor anti-oxidant abilities tied 
to the allele [235,236].  

 The ε4 allele is considered the ancestral allele, with the ε3 and ε2 alleles 
having emerged from the ε4 allele by mutation and then spread in the early 
human population [237]. Because the ε4 allele despite its detrimental effects 
has persisted in the population it has been hypothesized to be an example of 
antagonistic pleiotropy [238]; meaning that the ε4 would confer some 
characteristics that are advantageous during early life but detrimental later 
in life. Some investigations of cognition in children and young adults have 
actually found better performance among carriers of the ε4 allele [239,240], 
and there is also some evidence suggesting that the ε4 allele mediates a 
neuroprotective effect during early development and embryogenesis 
[241,242]. Furthermore, the allele is beneficial with respect to some 
infectious diseases as it protects against sequelae of hepatitis C [208], 
varicella zoster [209], and Giardia infections [210,211]. Considering that our 
findings suggest longer telomere length among young ε4 carriers and shorter 
telomere length among older-old ε4 carriers, our observations seem to 
support the notion of the ε4 allele being an example of antagonistic 
pleiotropy. 
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Telomeres and cognition 
 

In Paper I, we also investigated the relationship between cognition and 
telomere length with respect to APOE genotype. Three different cognitive 
modalities were tested: episodic memory, semantic memory, and 
visuospatial skills (tests are listed in Table 3, Materials and Methods 
section). Analyses were performed separately for ε4 (ε3/ε4 and ε4/ε4) and 
ε3/ε3 carriers. In line with previous studies [221], ε4 carriers performed 
worse than ε3 homozygotes on episodic (delayed) tasks, but not on tasks 
tapping semantic memory and visuospatial tasks. 

We evaluated hierarchical linear regression models with inclusion of age, 
gender and number of years of formal education in the first step and 
telomere length in a second step. Telomere length added a significant 
amount to the degree of variance explanation (R2), above that of the 
variables entered into the first step, in two of the seven cognitive tests among 
ε4 carriers. In the model predicting performance on the episodic memory 
task of immediate free recall of subject performed tasks (SPT), telomere 
length added an additional 6% of variance explanation (p = 0.026) to the 
29% explained by age, gender, and education among ε4 carriers. Regarding 
scores on the episodic memory task of delayed recognition of SPTs among ε4 
carriers, telomere length added 9% of variance explanation (p = 0.016) to the 
12% explained by the variables in the first step. The directionality of the 
associations was that longer telomeres predicted poorer performance on the 
two tasks. Telomere length did not contribute significantly to the models 
predicting performance on the semantic and visuospatial tasks.  

Among ε3/ε3 carriers, no significant effects of telomere length could be 
observed in any of the seven regression models predicting cognitive abilities. 
There was a weak tendency of telomere length being associated with results 
on the test concerning delayed recognition of SPTs (p = 0.072; inverse 
relationship). The corresponding model among ε4 carriers was where 
telomere length had its strongest effect. 

In summary, telomere length was among ε4 carriers significantly and 
inversely associated with performance on the two episodic tasks of 
immediate free recall of SPTs and delayed recognition of SPTs when 
adjusting for age, gender, and years of formal education.  

Other investigations on the relationship between telomere length and 
cognition among non-demented subjects report mixed findings. Valdes et al. 
found that telomere length was positively correlated with reaction time and 
working memory [100]. Similarly, Yaffe et al. report a link between short 
baseline telomere length and greater decline in scores on the Modified Mini-
Mental State Examination (3MS) [104]. In line with our observations, 
Mather et al. reported that longer telomere length was significantly 
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correlated with lower performance on an immediate free recall task and a 
reaction time test [103]. Two additional studies found little evidence for a 
link between cognition and telomere length [101,102].  

The finding that shorter telomeres were associated with better episodic 
memory performance was unexpected, and an entirely satisfying explanation 
is not readily available. Speculatively, an underlying connection between 
telomere length, cellular proliferation, and the hippocampus may explain the 
findings. The dentate gyrus, part of the hippocampal formation, is one of the 
few areas in the adult brain exhibiting neurogenesis [142]. The birth of new 
neurons in this region is believed to be important for hippocampal functions, 
such as the generation of (episodic) memories [243,244]. Therefore, 
inhibition of the neurogenesis in the hippocampus can be expected to 
negatively influence episodic memory functions. A generally low proliferative 
activity would consequently not only act to conserve telomere length, but 
could also be expected to contribute to poorer performance on 
hippocampus-critical episodic memory tests. A generally low proliferatory 
activity hence offers a possible explanation of the relationship between 
telomere length and episodic memory among ε4 carriers. 

Due to synchronicity of telomere lengths between different tissues in the 
same individual, relatively long leukocyte telomeres indicates that he or she 
has relatively long hippocampal telomeres as well [55-60]. Interestingly, 
Thomas et al. found longer telomeres in the hippocampi of individuals who 
suffered from Alzheimer’s disease compared with non-demented control 
subjects [90]. APOE genotype was not determined, but the ε4 allele can be 
expected to have been overrepresented in their sample considering it is a 
strong risk factor for Alzheimer’s disease. One interpretation of their finding 
is that the proliferative activity has been relatively low in the hippocampus of 
these dementia patients. The levels of oxidative stress, together with cellular 
proliferation an important determinant of telomere attrition, are increased 
in the brains of Alzheimer's disease patients [245]; something which in itself 
would act to shorten the telomeres of dividing cells in the hippocampus. 
Thomas et al. did not measure leukocyte telomere lengths in the subjects 
they sampled for hippocampal tissue. What part of the hippocampus they 
sampled and what cell types constituted the samples were not disclosed [90].  
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Telomeres and structural measures of the brain 
 
The hippocampus 
 
In Paper II, we analyzed the relationship between leukocyte telomere length 
and hippocampal volume among 57 non-demented participants (29 APOE 
ε3/ε3 carriers, 27 APOE ε4 carriers) aged 49 to 79 (63% females).  

Hippocampal volumes tended to be smaller among ε4 carriers than among 
ε3 homozygotes. This was significant below the age of 65 (for detailed 
analysis on hippocampal structural data in this sample, see Lind et al. 2006 
[200]). 

Among ε3 homozygotes, telomere length (adjusted for age) was inversely 
correlated with hippocampal volume (adjusted for age and body size); with 
left (rs = -0.465, p = 0.011), right (rs = - 0.414, p = 0.025), and total volume 
(rs = -0.519, p = 0.004). No significant correlations were observed among the 
ε4 carriers. Stratifying for gender showed similar, but non-significant, 
correlation coefficients among both male (n = 11) and female (n = 18) ε3/ε3 
carriers. 

As has been shown by others, and supported by our data [200], 
hippocampal volumes tend to be smaller among ε4 carriers compared with 
non-ε4 carriers [201-204]. This is most likely due to a higher atrophy rate or 
an earlier onset of hippocampal atrophy among ε4 carriers, even though it 
cannot be ruled out that smaller hippocampi among ε4 carriers is a 
phenotype established already during fetal development or early childhood. 
Age was significantly associated with hippocampal volume among ε3 
homozygotes, but not among the ε4 carriers. 

The suppressive influence which the ε4 allele appears to convey on 
hippocampal volume may disrupt a potential correlation with leukocyte 
telomere length, and therefore offers a possible explanation for the lack of an 
association among the ε4 carrying participants. Also possibly related to the 
lack of association is the above postulated hypothesis of an anti-proliferative 
effect conveyed by the ε4 allele. Furthermore, the ε4 isoform has immuno-
modulatory properties [246], possibly altering the relationship between 
telomere length of the leukocytes and the hippocampus. Also, it may be that 
the association was too weak to be detected in our sample of 27 ε4 carriers. 
Even though there was no significant correlation between volume and 
telomere length among the ε4 carriers, they, as a group, fit the pattern 
exhibited by the ε3/ε3 carriers considering they had longer telomeres and 
smaller hippocampi. 

Only one other publication involving leukocyte telomere length and 
hippocampal volume has been published. Grodstein and associates reported, 
opposite to what we found, that shorter telomere length was related to 
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smaller hippocampal volume in 26 females [247]. Their participants were 
older than ours (mean age of 79.2) and their sample of 26 included 7 
individuals diagnosed with mild cognitive impairment. Their data show that 
mild cognitive impairment is associated with both shorter telomere length 
and smaller hippocampi compared with healthy subjects, their inclusion of 
these subjects with mild cognitive impairment therefore confounds the 
association between telomere length and hippocampal volume. Grodstein et 
al.’s sample was on average almost 18 years older, possibly accounting for 
the divergent findings given the variation of hippocampal atrophy rates with 
age and potential influence of survival bias [150,151].  

As mentioned, studies comparing telomere lengths in different tissues 
reveal a synchronicity between tissues. In the context of our findings, it 
suggests that ε3 homozygotes with small hippocampi have long hippocampal 
telomeres. The aforementioned paper by Thomas et al. found that hippo-
campal telomere lengths were 49% longer in subjects with Alzheimer’s 
disease compared with healthy control subjects [90]. They did not genotype 
for APOE, or measure hippocampal volume. But since hippocampal volumes 
are reliably found to be smaller among patients diagnosed with Alzheimer’s 
disease [248,249], they can be assumed to have been of smaller volume 
compared with those of the control subjects. If these assumptions are true, 
the relationship between leukocyte telomere length and hippocampal volume 
would have been inverse in their sample.  

In light of these findings, recent research in mice generated some 
interesting results. Rolyan and colleagues bred a mice model for Alzheimer’s 
disease (APP23+) with short telomeres (third generation telomerase 
knockout mice; G3Terc-/-) and investigated the progression of the disease 
[143]. They found that short hippocampal telomeres led to improvement in 
spatial memory learning ability and reduced amyloid plaque pathology. That 
short telomeres seem to protect against Alzheimer’s disease progression may 
explain why Thomas et al. observed longer hippocampal telomere length in 
Alzheimer’s disease patients than in healthy control subjects, and seem to be 
in accord with our observation of short telomeres being associated with 
larger hippocampal volume and better episodic memory performance.  

In Paper I, longer telomere length was associated with poorer episodic 
memory performance (significant among ε4 carriers; only borderline 
significant among ε3/ε3 carriers), and in Paper II longer telomere length was 
associated with smaller hippocampi. In older adults, there is a positive, but 
weak, correlation between hippocampal volume and episodic memory ability 
[250], meaning that the observed associations with telomere length in Paper 
I and II are compatible with each other. Speculatively, a relatively low level 
of neurogenesis in the hippocampus may underlie the observed relationships 
as it might contribute to both a smaller hippocampus and lower performance 
of episodic memory functions affected by hippocampal neurogenesis. 
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Furthermore, it might contribute to longer hippocampal telomere length, as 
observed by Thomas et al. [90].  

 
 

Brain atrophy and white matter hyperintensities 
 
In Paper IV, we investigated whether leukocyte telomere length was related 
to brain atrophy or white matter hyperintensities (WMHs).  

One-hundred-and-two non-demented participants (51 females; mean age 
of the sample = 69.3 years) who were characterized in terms of brain atrophy 
and WMHs participated in the study. Analyzing brain atrophy, telomere 
length was added to a second step of a hierarchical multiple linear regression 
model predicting brain atrophy. Age, gender, and blood pressure had been 
entered into the first step. Telomere length did not have any independent 
associations with any of the measures of cortical atrophy. Shorter telomeres 
were, however, significantly associated with greater subcortical atrophy (β = 
-0.217, p = 0.034). Telomere length explained 4.2% of the variance in total 
subcortical atrophy, independent of the 10.2% of the variance explained by 
age, gender, and blood pressure. In total, the model explained 14.4% of the 
variance in subcortical atrophy. Among the three individual measures of 
subcortical atrophy (frontal, caudate, and occipital), telomere length was 
most strongly associated with subcortical atrophy of the occipital lobe (β = -
0.250, p = 0.013). There was a tendency of telomere length being associated 
with subcortical atrophy at the level of the caudate nucleus as well (β = -
0.186, p = 0.078), but no link between frontal subcortical atrophy and 
telomere length could be demonstrated (β = -0.082, p = 0.435). Splitting the 
sample by the median age (69.6 years) revealed stronger associations 
between telomere length and occipital subcortical atrophy in the older 
participants. 

Telomere length was significantly longer among participants without signs 
of subcortical WMHs (difference of 371 bp, p = 0.041). This difference was 
even greater among the older participants (difference of 624 bp, p = 0.006). 
An association between telomere length and periventricular WMHs were 
only observable among the older participants (above the median age of 
69.6), where telomere length was 552 bp longer in subjects without 
demonstrable periventricular WMHs (p = 0.009; all analyses were adjusted 
for age, gender, and blood pressure). 

Telomere length was associated with subcortical brain atrophy and 
WMHs, particularly in older individuals, and with a strength comparable to 
that of age. As demyelination and white matter microinfarction (both 
appearing as WMHs on MRI scans) can contribute to subcortical atrophy 
[251], it is plausible that the association between telomere length and WMHs 
also explain the link between telomere length and subcortical atrophy. 
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The finding of telomere length being more predictive of subcortical 
changes, and particularly in older participants, may be rooted in that decline 
in white matter volume is steeper later in life (ages 70s, 80s), in comparison 
with atrophy of gray matter which is considered to start earlier but progress 
at a more steady pace [149,151].  

White matter is more sensitive than gray matter to ischemic damage. As 
inflammation is considered an important cause of telomere attrition and is 
involved in the pathogenesis of small vessel disease and demyelination, both 
correlates of WMHs, it is reasonable to believe that inflammation is 
mediating the relationship between telomere length and subcortical 
structural change [153-155,252]. That telomere length was associated with 
subcortical but not cortical age-related structural change may also be due to 
variation in inflammatory load between different parts of the brain; for 
example, enzymes synthesizing pro-inflammatory leukotrienes are more 
highly expressed in the subcortical limbic system than in the sensory cortex, 
predisposing the former to higher loads of inflammation than the latter 
[253]. 
 
 
Telomeres and depression 
 
Ninety-one outpatients diagnosed with recurrent major depression and 451 
control subjects participated in the study described in Paper III. A 
comparison of leukocyte telomere lengths between the two groups showed 
that the patients had shorter telomeres than the control subjects (difference 
of 277 bp, p = 0.001; adjusted for age and gender). The difference was 
comparable among both men (294 bp, p = 0.033) and women (258 bp, p = 
0.015). The telomere length decline with age was similar among the two 
groups (patients: 17 bp/year; control subjects: 15 bp/year). 

To date, another five papers on the subject of telomere length and 
depression have been published [124-128]. All but one, the smallest [127], 
support that individuals diagnosed with depression in general have shorter 
telomere lengths. However, only one study, by Wolkowitz et al. [127], 
demonstrates a significant association between the duration of the 
depressive illness and telomere length. In contrast to the other studies, 
which assessed the duration of illness as time since first depressive episode 
or diagnosis, Wolkowitz et al. assessed it as a sum of the durations of all 
depressive episodes. Our data did not support that the duration of the illness 
(defined as years since onset of the depressive illness as determined 
anamnestically and via medical records) had any impact on telomere length. 
Our sample had a longer mean duration of illness (27.9 years) than the other 
studies; however, it was a relatively homogenous sample in terms of illness 
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severity, subsequently increasing the demands of power required to detect a 
putative effect. The lack of a connection between duration of illness and 
telomere length could mean that the difference in telomere length arises 
before the onset of the illness, or that short telomeres predispose one to 
depressive illness. Interestingly, Hoen et al. found that during a five year 
follow-up, depressed subjects were less likely to exhibit telomere shortening 
and more likely to exhibit telomere lengthening compared with non-
depressed participants [128]. If this reflects an effect of anti-depressive 
treatment, the hypothesized preference of telomerase to elongate short 
telomeres, or simply a regression to the mean effect is uncertain.  

Depressive illness is associated with both “psychological” and “biological” 
stress. Stressful experiences are recognized as important etiologic factors of 
depression, and the depressive state further exacerbates the experience of 
stress [184]. Depressed patients also exhibit increased levels of oxidative 
stress markers, decreased levels of antioxidants, and increased levels of 
proinflammatory cytokines [254-258]. Therefore, it is plausible that a state 
of depression has a shortening effect on telomeres, mediated via oxidative 
stress and inflammatory effects [259]. Wolkowitz et al. indeed found that 
telomere length was inversely related to markers of oxidative stress (defined 
as the ratio of F2-isoprostanes and vitamin C) and inflammation (serum IL-6 
concentrations) in depression patients [127]. We looked at the function of 
the hypothalamic-pituitary-adrenal (HPA) axis in trying to further elucidate 
the factors mediating telomere shortening among depression patients, as 
well as in the general population. 

  
 
Telomeres and the HPA axis 
 
In Paper III, a weight-adjusted very low dose dexamethasone suppression 
test (DST) was carried out on 81 patients diagnosed with recurrent 
depression and 253 control subjects. For each of the three test measures 
(basal state cortisol, post-DST cortisol levels, and percentage of cortisol 
suppression following the DST), the 25th and 75th percentile among the 
control subjects were used as cutoffs to divide both depression patients and 
control subjects into a low, mid, or high group. 

The results showed that a larger fraction of patients than controls had an 
increased negative feedback response. The proportion of patients with low 
post-DST cortisol (35% vs. 25%, p = 0.041) and high degree of DST cortisol 
suppression (46% vs. 25%, p = 0.012) was significantly higher compared 
with that of control subjects.  

Telomere length was significantly shorter among patients with low post-
DST cortisol (difference of 291 bp, p = 0.037) compared with the rest of the 
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patients, and among patients with a high degree of DST cortisol suppression 
(difference of 348 bp, p = 0.015) compared with patients in the mid group. 
Telomere length was significantly shorter among control subjects exhibiting 
both a high (difference of 260 bp, p = 0.031) and low (difference of 251 bp, p 
= 0.041) degree of DST cortisol suppression compared with the mid-level 
group (all analyses adjusted for age and gender). As can be expected, there 
was a high degree of overlap between subjects with high suppression and low 
post-DST cortisol (patients, 73%; control subjects, 74%). Also, high degree of 
post-DST suppression and low post-DST cortisol were associated with lower 
basal pre-DST cortisol in both control subjects and patients. Overall, there 
was a pattern of shorter telomere length being associated with a 
hypocortisolemic state, and this pattern was more pronounced among 
patients.  

The difference in telomere length between patients and control subjects 
could largely be explained by the patients exhibiting low post-DST cortisol: 
patients with low post-DST cortisol had 332 bp shorter telomere length 
compared with the control subjects (p = 0.007), whereas the difference 
between the rest of the patients and the control subjects were a non-
significant 133 bp (p = 0.290).  

Stress has traditionally been associated with increased secretion of 
cortisol, but more recent research has suggested that it is not that simple. 
Hypocortisolism has been described in several conditions characterized by 
chronic stress or enhanced stress sensitivity; e.g., post-traumatic stress 
disorder [168-170], irritable bowel syndrome [178], fibromyalgia [175-177], 
chronic fatigue syndrome [171-174], and burn out [179,180]. Further clarity 
concerning the relationship between cortisol and stress was delivered by a 
meta-review on HPA axis activity and chronic stress, which concluded that 
time since onset of stress was the strongest predictor of HPA axis activity 
[182]. The longer the duration of stress, the more likely was a finding of low 
HPA axis activity; hypocortisolism. Considering that depressive illness is 
closely related to stress [184], this may explain why hypocortisolism is more 
often observed in older rather than younger depression patients, since older 
patients on average can be expected to have a longer duration of illness [189-
191]. With stress being related to both higher levels of oxidative stress and 
inflammation [133,260,261], the association between short telomeres and a 
hypocortisolemic state may be explained by the link between chronic stress 
and hypocortisolism. However, there were no differences in duration of 
illness between the DST-related groups, hence not supporting that the 
patients in a hypocortisolemic state and with shorter telomeres have 
endured a longer stress-associated condition than the other patients. 
Interestingly, we found that familial loading of affective disorders was higher 
among subjects exhibiting a hypocortisolemic state. Genetic propensity for 
depression has been linked to poor ability to adequately cope with stressors 
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[262]. Therefore, even if the duration of illness was comparable, patients 
with poorer ability to cope with stress might suffer more from the illness-
associated stress, as implicated by their short telomeres and overly sensitive 
HPA axis. 

The association between a hypocortisolemic state and shorter telomeres 
may have a mechanistic explanation owing to the immunosuppressive effects 
of cortisol. Lower cortisol levels may permit a higher degree of inflammation, 
contributing to telomere shortening. Higher levels of inflammation among 
subjects with low post-DST cortisol were indeed supported by their higher C-
reactive protein (CRP) levels (measured only among control subjects). This 
supports that inflammation with accompanying elevations of oxidative stress 
and increased turnover of leukocytes may have been a driving factor of 
telomere shortening among subjects in a hypocortisolemic state. 

Scores on the Perceived Stress Questionnaire (PSQ), aimed at measuring 
the participants cognitive perception of stress during the last month, were 
significantly and inversely correlated with telomere length among the control 
subjects (rs = -0.258, p = 0.003; the PSQ was used only among 129 control 
subjects). This indicates that stress contributes to telomere shortening. 
However, there were no significant differences in scores on the PSQ between 
any of the groups in the DST-related measures; i.e., the currently perceived 
stress among the control subjects were not reflected in HPA axis 
functionality. Possibly, this is due to the PSQ only measuring cognitive and 
consciously perceived stress at the moment of taking the test, while the DST 
presumably taps into a sum and long term measure of stress.  

Our observation of a hypocortisolemic state among older depression 
outpatients is in line with what others have found. Oldehinkel et al. observed 
a tendency of lower urinary cortisol levels among elderly outpatients [191]. 
Furthermore, they showed that cortisol levels were inversely related to 
length and recurrence of depressive episodes. Bremmer et al. and Penninx et 
al. both published data showing a U-shaped relationship between cortisol 
levels and depression symptoms in community-dwelling subjects [189,190]. 
Low cortisol levels were also associated with abdominal obesity, joint 
disease, and physical frailty [189]. In our sample, higher CRP levels and 
heredity for affective disorders were associated with low-post DST cortisol 
levels. 
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Methodological issues 
 
Telomere length measurement 
 
The first method to come into use for measuring telomere length was the 
terminal restriction fragment (TRF) length analysis by Southern blot. The 
TRF method is still considered the gold standard method, in part because it 
was the first, and for a long period of time the only, available method for 
measuring telomere length. Today, the TRF method is still widely used, but 
the quantitative polymerase chain reaction (PCR) method has arisen to 
become the most commonly employed method. 

There are several aspects of the PCR method which have contributed to its 
popularity. It allows for a high throughput of samples at a relatively low 
labor effort and economic cost. The requirement of DNA is in the range of a 
few nanograms, whereas the TRF method requires micrograms. A significant 
advantage of the PCR method over the TRF method is that it measures only 
the actual telomere repeats of the chromosome. The TRF method relies on 
size estimations of terminal chromosome fragments generated by restriction 
enzymes, and this terminal fragment is not in its entirety constituted by 
telomeric DNA. Instead, it includes a region of non-telomeric DNA located 
between the telomeric DNA and the restriction site, termed the subtelomeric 
region. This region can vary in size up to 3 kilobase pairs; in part due to 
variation of the restriction site, and in part due to inter-individual variation 
in the size of the elements proximal to the telomere [263,264]. Because it 
measures telomere repeats, another advantage of the PCR over the TRF 
method is that it can be used even on partially degraded DNA samples. The 
TRF method relies on measuring the entire stretch of the telomere segment, 
which in degraded samples can be compromised.  

A potential drawback of the PCR method is that it only measures the mean 
telomere length in the DNA sample. It has been argued that it would be more 
informative to study the shortest telomere length rather than the average 
telomere length in a cell population. This is because it only takes one short 
telomere for the cell to enter cellular senescence or to apoptose [265-267].  

 Concerns have been raised that the rapid adoption of the PCR method 
throughout many labs has not been followed by adequate quality controls of 
the assay. Inter-assay coefficients of variations (CV) as high as 28% have 
been reported [84]. Our lab was early in adopting the PCR method and has 
subsequently accumulated a great deal of experience of its use. In our lab, 
the inter-assay CV was 3.96% when a series of blood samples were analyzed 
twice by two different investigators [268]. The TRF method has been touted 
as having a smaller inter-assay CV than the PCR method [269], and a recent 
experiment aimed at evaluating the two methods gives support for this claim 
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[270]. Although, the TRF method is also subject to large variations in CVs 
between labs, as CVs up to 12% have been reported [121]. 
 

 
Leukocyte subsets 

 
The telomere lengths in this work, as in most other telomere epidemiology 
studies, are measured in leukocytes; no differentiation of leukocyte subsets 
has been carried out. As telomere lengths have been shown to differ between 
different leukocyte subsets [271,272], it is plausible that shifts in subset 
ratios can give rise to shifts in mean leukocyte telomere length. In extension, 
shifts in leukocyte subsets may confound results of, for instance, an observed 
difference between two groups of individuals if these two groups are also 
differing in leukocyte subset ratios. However, the shift in leukocyte subset 
ratio has to be substantial and significantly influence the mean leukocyte 
telomere length, and no such shifts have to my knowledge been described in 
any of the genotypes or phenotypes relevant to this thesis. It should also be 
noted that there is a strong synchronicity of telomere lengths between the 
different leukocyte subsets, as can be expected since all leukocytes stem from 
the same multipotent hematopoietic stem cells and to a large extent mirrors 
telomere dynamics in these cells [272].  

 
 

Limitations 
 

The main limitation of this thesis is the cross-sectional nature of the 
included studies. Cross-sectional studies provide data from which it is 
difficult to draw solid conclusions about cause and effect. For example, one 
cannot from cross-sectional results showing a link between short telomere 
length and cardiovascular disease conclude that cardiovascular disease leads 
to shortened telomeres; it could be the other way around. Another drawback 
is that telomere attrition rates cannot be established at an intra-individual 
level in cross-sectional settings. In longitudinal studies, telomere length 
attrition can be intra-individually assessed by doing multiple telomere length 
measurements at different time points in the study.  
 
 
Study samples 

 
The participants in the four original works included in this thesis were drawn 
from the Betula Study (with exception for the depression patients in Paper 
III). Participants in the Betula study are randomly selected from the 
population registry of Umeå municipality, and representativity of the Betula 
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Study population was in a comparison with the general population of Umeå 
and Sweden deemed to be excellent [212], as outlined in the Materials and 
Methods section. 

The mean BMI of our full sample (n = 470) from the Betula Study was 
26.1; with a mean BMI of the adult population of northern Sweden reported 
as 26.2 [273] this implies excellent representativity in terms of BMI. Our 
frequency of (self-reported) smokers was 11%; lower than the national 
average of 14% and that of northern Sweden which has been reported to be 
18% [274,275]. Diabetes was present in 4% of our sample and this is on par 
with a reported prevalence of 3.3% in northern Sweden [273,276]. Hyper-
tension, defined as a blood pressure measurement of at least 140/90 mmHg 
or being treated for hypertension, was in our sample present in 45% of the 
participants. Using the same definition, a study of a northern Swedish 
population reported the prevalence of hypertension to be 38% in people aged 
25 to 74 [277]. Overall, these demographics of health suggest our sample to 
be highly representative of the general population of northern Sweden. 

Patients participating in Paper III were recruited from within the 
psychiatric care in Umeå between 1998 and 2001. Recruitment from the 
health care system is often preferable to methods involving the use of fliers 
or newspaper ads since these latter methods are more prone to selection 
bias. Swedish health care is funded mainly by the government and heavily 
subsidized, fostering a representative patient population from where 
research subjects can be recruited. This can be contrasted with, for instance, 
the US, where access to the health care system is influenced by personal 
economic factors (e.g., employment with a provided health care insurance) 
to a much greater degree than in Sweden, a factor which can challenge 
representativity when recruiting patients for research projects.  

None of the participants received payment for their participation.  
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Concluding Remarks 
 

At about the same time as I committed to this doctoral work, back in 2008, 
there was a marked increase of interest in the field of telomere length 
epidemiology. The number of studies published on the subject of telomere 
length had since the early nineties seen a steady increase, and in 2008 the 
number of studies per year concerning telomere length doubled compared 
with that of 2007. In 2009, telomeres received a considerable publicity boost 
thanks to the Nobel Prize, awarded in part for the discovery of telomeres, 
leading to even more publications in the field. Four years back very little 
regarding telomere length and the brain was published. The papers included 
in this thesis, together with work done by others, have contributed to an 
expansion of the knowledge of how leukocyte telomere length relates to 
functional and structural attributes of the brain.  

Our findings of different telomere length dynamics between APOE 
genotypes may help improve the understanding of the pathophysiological 
underpinnings associated with the ε4 allele. The more rapid attrition of 
telomere length among ε4 carriers suggests a higher load of oxidative stress 
and inflammation, and points to a possibility of a more rapid onset of 
immunosenescence; the age-related decline in function of the immune 
system [278]. Leukocyte telomere length mirrors telomere length of 
hematopoietic stem cells residing in the bone marrow, and short telomeres 
in these stem cells could potentially hamper their ability to sustain a 
satisfactory population of immune cells in the body, subsequently impeding 
the ability of the body to mount adequate immune responses [272]. Future 
studies should also elucidate how telomere length relates to APOE genotype 
in younger individuals. 

We also hypothesized that a general antiproliferative effect could have 
contributed to long telomere length in middle-aged ε4 carriers, something 
which is also suggested as an explanation for our surprising finding of a 
negative correlation between telomere length and hippocampal volume in 
ε3/ε3 carriers. Short telomeres could result from high proliferative activity, 
which might be reflected in larger hippocampal volumes among these 
cognitively healthy subjects. Larger studies on how this important brain 
region relates to telomere length are warranted, also among younger non-
demented subjects as well as demented subjects, to clarify the relationship 
between telomere length and hippocampal volume and what it can teach us 
about the aging brain.  

Episodic memory performance, depending on hippocampal functions, was 
among non-demented subjects carrying the ε4 allele inversely related to 
telomere length. Again, it is possible that the relation is due to a low general 
proliferative activity associated with the ε4 allele, contributing to both 
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lowering the telomere attrition rate and limiting hippocampal neurogenesis. 
At large, the literature on telomere length and cognitive functions is mixed, 
signaling the need for more research on this matter. 

Shorter leukocyte telomere length was found in individuals with higher 
degrees of subcortical atrophy and WMHs. The link here is plausibly 
attributable to inflammation, contributing to both telomere shortening and 
changes underlying WMHs, such as small vessel disease and demyelination 
[155]. The findings implicate that telomere length can predict subcortical 
brain atrophy and WMHs (above that predicted by age, gender, and blood 
pressure), two prominent features of the aging brain. 

 Shorter telomere length in individuals suffering from depression has been 
described in several papers [124-128], and our observations suggest that this 
is attributable to hypocortisolism; a phenomenon seen in different states and 
disorders in which the common denominators are symptoms of fatigue, pain, 
and increased stress sensitivity [166]. Evidence suggests that this is a state 
which may develop out of chronic stress [182]. Stress is intimately related to 
depression [184], and while we in our cross-sectional setting were unable to 
determine that the patients exhibiting this HPA axis profile endured a more 
stressful everyday existence a salient feature of this group was a high degree 
of heredity for affective disorders, previously linked to poor stress coping 
ability [262]. A greater degree of inflammation in this subgroup was also 
implicated as CRP levels were higher in control subjects with low post-DST 
cortisol. There may be additional features characterizing this group as well 
which were not picked up by our data. In addition to telomere length being 
associated with HPA axis function, a central element in the stress response 
system, we also found that shorter telomere length was related to higher 
levels of self-perceived stress. The findings in Paper III further reinforce the 
link between stress and shorter telomere length, as well as the role of stress 
and HPA axis dysregulation in depression. Moreover, the results add to the 
growing literature describing low HPA axis activity in conjunction with 
stress-related disorders. 

 Taken together, the findings presented in the four papers show that 
leukocyte telomere length can be associated with several structural and 
functional attributes of the brain; something which can increase our 
understanding of both telomere length as a biomarker and mechanisms of an 
aging or diseased brain. The properties of leukocyte telomere length as a 
biomarker are severalfold. As the telomere length shortening is a direct 
consequence of chromosomal replication in conjunction with cellular 
division, telomere length to some extent reflects proliferative history. And 
with shortening of telomeres increasing the probability of the cell apoptosing 
or entering a state of cellular senescence, telomere length also contains 
information regarding future replicative potential. The telomere length of 
leukocytes mirrors that of the hematopoietic stem cells they originate from, 
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but it extends beyond the hematopoietic system due to the demonstrated 
synchronicity in telomere lengths between different tissues (including brain 
tissue) [55-60]. Because telomere length has the potential to inhibit cellular 
proliferation it means that it not only has to be restricted to being a “passive” 
marker, but also that it can be directly involved, causally, in tissue 
physiology. Due to these factors, it is therefore permissive to, albeit with 
caution, make inferences about issues relating to cellular proliferation in the 
brain, based on leukocyte telomere lengths. 

 Another property of telomere length as a biomarker is how it represents a 
slowly accumulating measure of oxidative stress and inflammation. This can 
be contrasted with other proposed biomarkers, which are often of a more 
transient nature; not retaining a “memory trace” in the sense in which 
telomere length does.  

For the future, much remains to be uncovered. The current state of 
knowledge concerning telomere length is mostly based on cross-sectional 
studies. A few longitudinal studies, involving multiple telomere measure-
ments in the same individual, have been conducted, but they are still too few 
to permit well-founded conclusions concerning the value of telomere length 
as a predictive biomarker. Longitudinal studies enable the evaluation of 
intra-individual telomere attrition. The rate of shortening may be a more 
informative measure in terms of predicting disease and evaluating the state 
of health, as it captures the dynamics of telomere shortening and bypasses 
the influence of inherited telomere length. Future studies should also look at 
how the lengths of the shortest telomeres fare as a biomarker. To measure 
the length of the shortest telomere, single telomere length analysis (STELA) 
[279] or quantitative fluorescence in situ hybridization (Q-FISH) [280,281] 
can be applied. Using STELA, the load of the shortest telomeres was shown 
to correlate with the number of senescent cells in culture [282], and recently, 
to be increased in bipolar II disorder patients [129]. The coming years will 
certainly bring studies assessing whether measuring the shortest rather than 
the average telomere length is more informative, as well as introduce more 
results from longitudinal studies. 

 There is an increasing need for biomarkers of age-related disease. Due to 
increased longevity and decreased fertility rates, most developed countries 
see their population growing increasingly older. The fastest growing 
population segment, that of the oldest-old (> 85 years old), is also the 
segment with the highest degree of disease and disability [283]. Telomere 
length-focused research can potentially play a significant role in contributing 
to more knowledge, better interventions, and more effective treatment 
regimens with regards to age-related disorders, including those of the brain. 
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