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a b s t r a c t

Accelerated cell aging, indexed in peripheral leukocytes by telomere shortness and in peripheral blood
mononuclear cells (PBMCs) by telomerase activity, has been reported in several studies of major
depressive disorder (MDD). However, the relevance of these peripheral measures for brain indices that
are presumably more directly related to MDD pathophysiology is unknown. In this study, we explored
the relationship between PBMC telomerase activity and leukocyte telomere length and magnetic
resonance imaging-estimated hippocampal volume in un-medicated depressed individuals and healthy
controls. We predicted that, to the extent peripheral and central telomerase activity are directly related,
PBMC telomerase activity would be positively correlated with hippocampal volume, perhaps due to
hippocampal telomerase-associated neurogenesis, neuroprotection or neurotrophic facilitation, and that
this effect would be clearer in individuals with increased PBMC telomerase activity, as previously
reported in un-medicated MDD. We did not have specific hypotheses regarding the relationship between
leukocyte telomere length and hippocampal volume, due to conflicting reports in the published
literature. We found, in 25 un-medicated MDD subjects, that PBMC telomerase activity was significantly
positively correlated with hippocampal volume; this relationship was not observed in 18 healthy
controls. Leukocyte telomere length was not significantly related to hippocampal volume in either group
(19 unmedicated MDD subjects and 17 healthy controls). Although the nature of the relationship
between peripheral telomerase activity and telomere length and the hippocampus is unclear, these
preliminary data are consistent with the possibility that PBMC telomerase activity indexes, and may
provide a novel window into, hippocampal neuroprotection and/or neurogenesis in MDD.

& 2015 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Telomeres are DNA-protein complexes that cap the ends of linear
chromosomal DNA, protecting the genome from damage. When
telomeres critically shorten, as can happen following repeated
mitoses or exposure to oxidative stress or inflammation, cells
become susceptible to senescence, apoptosis and chromosomal
instability (Calado and Young, 2009; Sahin et al., 2011; Wolkowitz

et al., 2011b; Price et al., 2013). However, telomerase, a ribonucleo-
protein enzyme, can rebuild and restore telomere length, prevent-
ing or delaying cell senescence (Blackburn, 1999; Calado and Young,
2009). While very low in most normal somatic cells, telomerase is
active in certain replicating tissues, such as male germ cells and
activated lymphocytes and in stem cells, including neural stem cells
residing in the dentate gyrus of the hippocampus (HC) (Mattson
and Klapper, 2001; Fu et al., 2002b; Cheng et al., 2007; Zhang et al.,
2007; Wolkowitz et al., 2008; Jaskelioff et al., 2011; Zhou et al.,
2011). Apart from its telomere-lengthening function, telomerase (or
its catalytic enzyme component, telomerase reverse transcriptase;
TERT) may have non-canonical functions unrelated to telomere
lengthening, including (in animal models) neurotrophic, cell
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survival-enhancing and “antidepressant-like” properties (Zhu et al.,
2000; Mattson et al., 2001; Fu et al., 2002a, 2002b; Kang et al.,
2004; Jaskelioff et al., 2011; Li et al., 2011; Niu and Yip, 2011; Zhou
et al., 2011; Liu et al., 2012).

Several studies have examined leukocyte telomere length and
peripheral blood mononuclear cell (PBMC) telomerase activity in
major depressive disorder (MDD). Most, but not all, have reported
shortened leukocyte telomere length in MDD, at least in subsets of
depressed individuals, such as those with more chronic or severe
depression (Simon et al., 2006; Lung et al., 2007; Hartmann et al.,
2010; Elvsashagen et al., 2011; Hoen et al., 2011; Wolkowitz et al.,
2011a; Wikgren et al., 2012b; Verhoeven et al., 2014). In the only
study to examine telomerase activity in MDD, we previously reported
significantly elevated PBMC telomerase activity but not telomere
length in un-medicated subjects with MDD compared to controls
(Wolkowitz et al., 2011b, 2012), which we speculated might represent
a compensatory response to actual or incipient cell damage or
telomere shortening, as also suggested in reports showing increased
PBMC telomerase activity in depressed caregivers (Damjanovic et al.,
2007), in men with high hostility ratings (Brydon et al., 2012) and in
men with elevated levels of allostatic load and poor psychosocial
resources (Zalli et al., 2014). These suggestions of a compensatory
mechanism are consistent with preclinical data showing that telo-
merase activity is up-regulated in certain situations of cell or tissue
damage (Fu et al., 2002a; Kang et al., 2004; Li et al., 2011; Qu et al.,
2011; Zhao et al., 2012), increased glucocorticoid levels (Beery et al.,
2012) (but see Choi et al., 2008), and oxidative stress (Saretzki, 2009;
Maeda et al., 2013) and inflammation (Balaji et al., 2010; Gizard et al.,
2011; Rentoukas et al., 2012). A salutary role of telomerase activation
in MDD is also suggested by preliminary data that depressed subjects
who responded best to antidepressant treatment were those who
showed the greatest increase in PBMC telomerase activity during
treatment (Wolkowitz et al., 2011b, 2012). These findings are con-
sistent with a preclinical report that the selective serotonin reuptake
inhibitor (SSRI) fluoxetine, increased HC telomerase in tandem with
reducing “depression-like” behaviors in mice (Zhou et al., 2011).
However, the relationship of PBMC telomerase activity to HC telo-
merase activity, neurogenesis or neurotrophic activity is unknown.

A major limitation in interpreting telomere length and telomer-
ase activity studies in MDD and other mental illnesses is that the
relationship of these peripheral cell aging markers to corresponding
central markers is unknown (Eitan et al., 2014). In this study, we
hypothesized that, if PBMC telomerase activity indexes HC telomer-
ase activity, it should be positively correlated with HC volume,
perhaps due to the neurotrophic or neurogenesis-enhancing effects
demonstrated in animals. We further hypothesized that positive
correlations between PBMC telomerase activity and HC volume
would be clearest in individuals with increased PBMC telomerase
activity, as previously reported in un-medicated individuals with
MDD (Wolkowitz et al., 2012). We did not have specific hypotheses
regarding the relationship between leukocyte telomere length and
HC volume, due to conflicting reports in the published literature,
with some reports of a positive (Grodstein et al., 2008; Jacobs et al.,
2014; King et al., 2014) and one report of a negative relationship
(Wikgren et al., 2012a) between these measures in non-psychiatric
populations, at least in ApoE ε4 non-carriers (Jacobs et al., 2014;
Wikgren et al., 2012a).

2. Methods

2.1. Subjects

Participants comprised 25 MDD subjects and 18 healthy controls who com-
pleted brain magnetic resonance imaging (MRI) scanning and venipuncture. All of
these subjects had MRI and PBMC telomerase activity data available for analysis,
but only 19 MDD and 17 healthy control subjects had leukocyte telomere length

data available. Data on peripheral blood mononuclear cell telomerase activity and
leukocyte telomere length, but not HC volume, were previously reported on these
MDD subjects and healthy controls (Wolkowitz et al., 2011a, 2012). All subjects
gave informed consent and were compensated for their participation. The protocol
and consent form were approved by the University of California, San Francisco,
Committee on Human Research. Depressed subjects were all outpatients; they and
the controls were recruited by fliers, craigslist postings, newspaper advertisements
and, in the case of depressed subjects, clinical referrals. For the depressed group,
the MDD diagnosis was arrived at by the Structured Clinical Interview for DSM-IV-
TR (SCID) (First et al., 2002), which was clinically verified by a clinical interview
with a Board-certified psychiatrist (O.M.W.), and all MDD subjects had a minimum
Hamilton Depression Rating Scale (17-item version, HDRS (Hamilton, 1967)) score
of 17. Depressed subjects with psychosis or bipolar histories were excluded,
although comorbid anxiety disorders were allowed when the depressive diagnosis
was considered to be primary, with the exception of current or recent post-
traumatic stress disorder, which was exclusionary. Healthy controls were required
to have no present or past history of any DSM-IV Axis I diagnosis, also ascertained
by the SCID. Potential subjects were also excluded if they met SCID criteria for
alcohol or substance abuse within 6 months of entering the study. Subjects in both
groups were medically healthy (as verified by medical review of systems, physical
examination and routine screening laboratory tests [e.g., combined blood count,
electrolytes, renal and liver function tests and thyroid function tests]) and had not
had any vaccinations within 6 weeks of entering the study. All subjects (MDD and
control) were free of psychotropic medications, including antidepressants, anti-
psychotics and mood stabilizers, as well as hormone supplements, steroid-
containing birth control or other interfering medications (e.g., statins) or vitamin
supplements above the United States Recommended Daily Allowances, for a
minimum of 6 weeks before entry into the study (with the exception of short-
acting sedative-hypnotics, as needed, up to a maximum of three times per week,
but none within 1 week of testing). Clinical history and ratings, MRI analyses and
telomerase activity and TL assays were performed blind to each other.

2.2. Procedures

On the day of testing, subjects were admitted as outpatients to the University of
California, San Francisco, Clinical and Translational Science Institute at 0800 h,
having fasted (except water) since 2200 h the night before. On the morning of
testing, all subjects were required to test negative on a urine toxicology screen
(measuring the presence of drugs of abuse) and, in women of childbearing capacity,
a urine pregnancy test. Then, subjects were seated or reclined at rest before blood
collection, after which the HDRS was administered. For leukocyte telomere length
determination, high molecular weight DNAwas extracted from frozen whole blood,
and the telomere length measurement was adapted from the published original
method of Cawthon (2002) by quantitative polymerase chain reaction, as described
earlier (Wolkowitz et al., 2011a). The inter-assay coefficient of variation (CV) for
telomere length measurement was 4%. Peripheral blood mononuclear cells were
obtained from fresh whole blood by Ficoll separation, as described previously
(Wolkowitz et al., 2012), and telomerase activity was assayed with the commer-
cially available kit, TRAPeze (Chemicon, USA), also as described previously
(Wolkowitz et al., 2012). Measurement of 24 resting PBMC samples on different
days produced an inter-assay coefficient of variation (CV) of 6.8%. Samples for
leukocyte telomere length and PBMC telomerase activity were assayed in two
batches, each containing samples of both depressed and control subjects. To
mitigate possible differences between assay batches, telomere length and telomer-
ase activity data from each assay batch were converted to Z-scores, and the
resulting Z-scores were combined across assay batches.

Subjects also underwent 4-T MR brain imaging at the San Francisco Veterans
Administration Medical Center. Brain imaging occurred an average of 3.0 days
(SD¼12.8 days) before or after the venipuncture; the latency between blood draw
and MRI did not differ between the MDD and control groups (t¼0.01, p¼0.99).
Hippocampal volume was determined by FreeSurfer with manual correction, as
described previously (Fischl et al., 2004). Hippocampal volume was normed to total
intracranial volume (ICV) on T2 images.

2.3. MRI acquisition

All imaging was performed on a Bruker MedSpec 4 T system. The following
sequences were acquired. For the measurement of total hippocampal volume, a
volumetric T1-weighted gradient echo MRI (MPRAGE) (TR/TE/TI¼2300/3/950 ms,
71 flip angle, 1.0�1.0�1.0 mm3 resolution, and acquisition time, 5:17 min). For the
determination of the intracranial volume (ICV), a T2-weighted turbospin echo
sequence (TR/TE 8390/70 ms, 1501 flip angle, 0.9�0.9�3-mm nominal resolution,
54 slices, and acquisition time 3:06 min).

2.4. Hippocampus volumetry

The volume of the total HC determined from the T1 image using the
hippocampal masks provided by the FreeSurfer subcortical parcellation routine
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(Fischl et al., 2002). All maps were visually checked for accuracy by different,
specially trained raters who were blinded to the diagnosis and were manually
corrected by overlaying the label generated in FreeSurfer onto the T1 image. This
procedure generated a map of comparable accuracy as obtained by a manual
marking scheme (ICC for manual correction of the Freesurfer labels: 0.9). The
volumes from the left and right hemisphere were combined, that is, added to
provide a single measure. Intra-cranial volume was determined from the T2-
weighted image, which was skull-stripped using the BET program (FMRIB Image
Analysis Group, Oxford University, www.fmrib.ox.ac.uk/fsl). To correct for volume
differences due to different head sizes, all volumes were normalized to the ICV
using the following formula: normalized volume¼raw volume�1000 ccm/ICV
ccm. Accordingly, normed HC volume was our a priori measure of HC volume for
statistical analysis, but we also report non-normed (raw) HC volume as well as ICV.

2.5. Statistics

Telomere length, telomerase activity and HC volume data were first analyzed
for normality, and non-normally distributed variables were Ln-transformed into
normality. Next, bivariate correlations were conducted between the variables of
interest and age, sex, body-mass index (BMI), lifetime and current tobacco use and
alcohol use, and the variables with significant bivariate correlations were entered
as covariates in the ensuing analyses. Accordingly, age and sex were entered as
covariates in all analyses. Alpha was set at 0.05 for two-tailed tests. Our planned
analyses were Analyses of Variance for between-group comparisons and partial
correlations for PBMC telomerase activity or leukocyte telomere length vs. normed
HC volume, controlling for age and sex.

In exploratory analyses, we assessed whether controlling for plasma interleukin-6
(IL-6, a marker of inflammation), overnight urinary free cortisol and plasma F2-
isoprostanes (a marker of oxidative stress) altered our findings, since these could
conceivably affect both peripheral cell aging markers and HC volume. In a final
exploratory analysis, we examined whether our results differed in males vs. females.

3. Results

There were no significant differences in demographics between
the MDD subjects and controls (Table 1). Normed hippocampal
volume did not significantly differ in the MDD subjects vs. the
controls (F¼0.00, NS) (Table 1), nor did leukocyte telomere length
(F¼0.48, NS), as reported previously (Wolkowitz et al., 2011a).
There were also no significant differences in raw HC volume or ICV
between groups (F¼0.34, NS, and F¼0.87, NS, respectively).
However, PBMC telomerase activity was significantly higher in
the MDD subjects than in the controls (F¼5.26, p¼0.025)
(Table 1), as reported previously (Wolkowitz et al., 2012).

In the combined group of subjects, PBMC telomerase activity
tended to be positively correlated with normed HC volume

(r¼0.27, p¼0.081) (Fig. 1). Within the MDD group, PBMC telomer-
ase activity was significantly positively correlated with normed HC
volume (r¼0.44, p¼0.034) (Fig. 1), but this relationship was not
seen in the controls (r¼0.12, NS) (Fig. 1). Controlling for the
number of days between venipuncture and MR imaging did not
alter these results.

In the combined group of subjects, leukocyte telomere length
was not significantly correlated with normed HC volume (r¼0.02,
NS) (Fig. 2). Within the individual MDD and control groups,
leukocyte telomere length was also not significantly correlated
with normed HC volume (r¼0.05, NS, and r¼0.35, p¼0.15),
respectively (Fig. 2). Controlling for the number of days between
venipuncture and MR imaging did not alter these results.

In exploratory analyses, we controlled for variables that could
potentially affect cell aging markers and as well as HC volume.

Table 1
Demographics, hippocampal volume and telomerase activity and telomere length.

Controls
telomerase cohort

MDD telomerase
cohort

Statistical test
telomerase cohort

Controls telomere
cohort

MDD telomere
cohort

Statistical test
telomere cohort

Number 18 25 – 17 19 –

Sex 61% Female 68% Female t¼0.46, NS 59% Female 63% Female t¼0.26, NS
Age (years) 34.979.6 37.8712.0 t¼0.84, NS 37.9712.3 37.5711.9 t¼0.12, NS
Body mass index (kg/m2) 24.874.0 25.074.4 t¼0.21, NS 24.974.0 24.674.1 t¼0.21, NS
Hamilton Depression Rating Scale-17
item

N/A 19.270.6 (range:
17–26)

N/A N/A 19.470.7 (range:
17–26)

N/A

Raw hippocampal volume 7.3070.97 7.5071.13 F¼0.34a, NS 0.2470.98 7.3871.15 F¼0.52a, NS
Intracranial volume (ICV) 1585.77197.6 1624.97128.3 F¼0.87a, NS 1624.47190.2 1627.67108.8 F¼0.79a, NS
Total hippocampal volume,
normed to Intra-cranial volume (ICV)

4.6470.60 4.6070.71 F¼0.00a, NS 4.4870.55 4.5270.79 F¼0.02a, NS

PBMC Telomerase activity
(units/10,000 cells); Z-scores

Raw value:
7.0370.60

Raw value:
7.8375.90

Z-score: F¼5.26a,
p¼0.025

– – –

Z-score:
-0.25071.04

Z-score:
0.24270.897

Leukocyte telomere length (base pairs);
Z-scores

– – – Raw value (T/S):
0.85170.090

Raw value (T/S):
0.88170.175

Z-score: F¼0.48a,
NS

Z-score:
0.06270.749

Z-score:
0.00671.149

Values are means7SD.
a Analysis of variance, controlling for age and sex.

Fig. 1. Relationship between peripheral blood mononuclear cell (PBMC) telomerase
activity (Z-scores) and total hippocampal volume (normed to intracranial volume)
in individuals with major depressive disorder (“MDD”) (black circles, solid line) and
healthy controls (“Cont”) (open squares, dotted line). Statistical results are provided
in the text.

O.M. Wolkowitz et al. / Psychiatry Research: Neuroimaging 232 (2015) 58–6460

http://www.fmrib.ox.ac.uk/fsl


Controlling for plasma IL-6, overnight urinary free cortisol and
plasma F2-isoprostanes, singly as well as together, did not appre-
ciably affect our results and did not alter any of the reported
significance tests.

4. Discussion

We found that PBMC telomerase activity is significantly and
positively correlated with HC volume in unmedicated individuals
with MDD, but not in healthy controls. In contrast, we found no
significant relationship between leukocyte telomere length and HC
volume in either group. To our knowledge, this is the first study to
examine either of these relationships in MDD. These findings add
to a growing body of evidence that aspects of the telomere/
telomerase maintenance system are different in MDD vs. controls
(Simon et al., 2006; Lung et al., 2007; Hartmann et al., 2010; Hoen
et al., 2011; Elvsashagen et al., 2011; Wolkowitz et al., 2011a, 2012;
Wikgren et al., 2012b; Verhoeven et al., 2014), and that PBMC
telomerase activity is related to brain variables relevant to MDD
(Honig et al., 2006; Martin-Ruiz et al., 2006; Canela et al., 2007;
Grodstein et al., 2008; Mather et al., 2010; Valdes et al., 2010;
Devore et al., 2011; Yaffe et al., 2011; Der et al., 2012; Wikgren et
al., 2012a; Ma et al., 2013; Jacobs et al., 2014). The explanation of
these associations, however, is not clear, since the relationship
between peripheral cell aging markers and HC telomerase activity
(which could potentially increase HC volume, as described below)
is not known.

We are not aware of any earlier studies directly comparing
telomerase activity in peripheral blood to that in the brain,
although several studies have assessed relationships between
peripheral telomerase activity and aspects of brain structure or
function. For example, PBMC telomerase activity was positively
correlated with white and gray matter volume in the right
dorsolateral prefrontal cortex (DLPFC) on MRI scanning in absti-
nent heroin users (Cheng et al., 2013). Healthy controls in the same
study, however, showed no significant correlations. The authors
suggested that, in the abstinent heroin users but not in healthy
controls, “accelerated aging” was directly linked at the cellular and
brain systems levels (Cheng et al., 2013). Although that study’s
psychiatric population was different than our own, the results are

similar in that healthy controls failed to show the telomerase
activity- brain structure relationships that were seen in the
psychiatric subjects.

A recent clinical study reported a significant positive correla-
tion between leukocyte telomere length and HC volume in female
healthy controls, but only in those who where non-carriers of the
ApoE ε4 genotype. They found no significant relationship between
PBMC telomerase activity and HC volume in their subjects,
regardless of ApoE e4 genotype, but they did find (in the ApoE
ε4 non-carrier women) a significant negative correlation between
HC volume and the PBMC telomerase activity/leukocyte telomere
length ratio, which they suggested is a more sensitive index of the
telomerase compensatory response to neural damage (Jacobs et al.,
2014). Their data contrast with ours, in which we found no
significant correlations between telomere length, telomerase
activity and HC volume in healthy controls, although our subjects
were generally younger (mean age of 35–38 years vs. 58 years),
were of men and women, and were not characterized by ApoE ε4
genotype. Most importantly, that study specifically excluded sub-
jects with MDD (Jacobs et al., 2014). The only other studies, to our
knowledge, that have examined the relationship between leuko-
cyte telomere length and HC volume yielded conflicting results.
King et al. (2014), in a population-based study, reported a
significant positive correlation between leukocyte telomere length
and HC volume (regardless of ApoE ε4 genotype); this positive
relationship was significantly greater in older individuals (over the
age of 50) than in younger individuals. Another study similarly
found a positive correlation between leukocyte telomere length
and HC volume in an elderly (mean age 80 years) population
composed of non-demented women (Grodstein et al., 2008). In
contrast, Wikgren et al. (2012a) in a group of cognitively intact
subjects (mean age 65.8 years), reported a significant negative
correlation between leukocyte telomere length and HC volume in
ApoE ε4 non-carrier men and women (and no relationship among
ApoE ε4 carriers).

In the absence of adequate human or animal studies, it is
difficult to fully explain possible relationships between peripheral
cell aging markers and HC volume. There are at least two
mechanisms by which PBMC telomerase activity could bear a
mechanistic relationship to HC volume. It is unlikely that PBMC
telomerase activity directly affects the HC (or vice versa). None-
theless, it is possible that PBMC telomerase activity directly
indexes or parallels HC telomerase activity. For example, PBMC
telomerase activity and HC volume could be jointly, but indepen-
dently, regulated by similar mediators, such as cortisol levels,
inflammation and oxidative stress (Wolkowitz et al., 2008; Zhou et
al., 2011). Further, since senescent leukocytes (e.g., CD8þCD28- T
cells) with shortened telomeres and diminished telomerase activ-
ity hyper-secrete pro-inflammatory cytokines (Effros, 1997), such
inflammatory mediators might, themselves, adversely impact HC
volume (Arisi, 2014). Our analyses of covariance, controlling for
inflammatory cytokines as well as for cortisol and oxidative stress,
did not support these as major mediators, but our analyses were
limited by our small sample size and by the fact that only selected
inflammatory, steroid and oxidative stress markers were assessed.

To the extent PBMC telomerase activity does index HC telomerase
activity in MDD, the positive correlation could be a “window” into HC
neurogenesis-enhancing, gliogenesis-enhancing or neuroprotective
effects of telomerase in the HC (Eitan et al., 2014). Telomerase (or
TERT) has several non-canonical functions apart from telomere
lengthening that aid in cellular protection and survival, such as
anti-apoptosis, anti-oxidant, anti-excitotoxicity, neurotrophic and
neurogenesis-enhancing effects (Zhu et al., 2000; Mattson et al.,
2001; Fu et al., 2002a, 2002b; Kang et al., 2004; Jaskelioff et al., 2011;
Li et al., 2011; Niu and Yip, 2011; Zhou et al., 2011). Telomerase also
mediates neurotrophic and cell survival-enhancing effects of brain-

Fig. 2. Relationship between leukocyte telomere length (Z-scores) and total
hippocampal volume (normed to intracranial volume) in individuals with major
depressive disorder (“MDD”) (black circles, solid line) and healthy controls (“Cont”)
(open squares, dotted line). Statistical results are provided in the text.
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derived neurotrophic factor (BDNF) in immature and early post-
mitotic neurons (Fu et al., 2002b; Niu and Yip, 2011), thereby
facilitating neurogenesis. Telomerase (or TERT) is substantially
expressed in neuronal stem cells and in neuronal progenitor cells
and early post-mitotic neurons (Jaskelioff et al., 2011; Zhou et al.,
2011; Eitan et al., 2014) such as those found in the subgranular layer
of the dentate gyrus in the HC and in the subventricular zone, parts
of the brain with neurogenesis capability (Hermann et al., 2006; Lee
et al., 2010; Eitan et al., 2014). Telomerase activity is also up-
regulated in parts of the brain responding to tissue injuries such as
hypoxia/ischemia (Li et al., 2011) and seizures (Fu et al., 2002a),
indicating the potential for affecting brain cell resilience, recovery
and viability.

Two mouse studies are particularly relevant to considering
telomerase activity and HC volume preservation and well as putative
associations of HC telomerase activity to MDD. Telomerase-deficient
mice display short telomeres in neural stem cells, increased DNA
damage signaling and marked degenerative changes, including
decreased neural stem cell proliferation and neurogenesis in the
subventricular zone, as well as decreased overall brain weight
(Jaskelioff et al., 2011). These changes are reversed upon reactivation
of telomerase for as little as four weeks (Jaskelioff et al., 2011).
Another study specifically implicated HC telomerase in “depression-
like” behaviors in adult mice (Zhou et al., 2011). In mice, chronic mild
stress (CMS) significantly decreased TERT and telomerase expression
in the HC. These stress-induced changes were reversed by adminis-
tration of the SSRI fluoxetine. Inhibition of telomerase resulted in
“depression-like” behaviors and decreased HC neurogenesis, whereas
over-expressing HC telomerase increased HC neurogenesis and cell
survival and produced “antidepressant-like” effects. However, impor-
tant differences in telomere/telomerase biology exist between mice
and humans (Calado and Dumitriu, 2013), so extrapolation of these
mouse findings to humans must be very cautious.

A notable finding in the present study is that PBMC telomerase
activity was correlated with HC volume only in subjects with MDD
but not in healthy controls, although this could represent a Type II
error due to the slightly smaller number of control subjects. Two
prior studies, however, also found no significant correlations
between PBMC telomerase activity and HC volume in non-MDD
controls (Cheng et al., 2013; Jacobs et al., 2014). The reasons for
different results in MDD subjects vs. controls are unclear, though it
is possible that significant correlations are only be apparent under
“stressed” or stimulated conditions that result in telomerase
activation. Specifically, telomerase activation, as seen in PBMC’s
in depressed individuals (Wolkowitz et al., 2012), may parallel
compensatory neurotrophic/neurogenesis-enhancing effects in the
HC only under pathologic cellular conditions that increase telo-
merase (Zhu et al., 2000; Fu et al., 2002a; Kang et al., 2004; Li et
al., 2011; Zhao et al., 2012). Healthy controls, on the other hand,
would not be expected to have compensatory up-regulation of
telomerase activity and neurogenesis in the HC. This explanation is
similar to findings in mice that telomerase deficiency has no effect
on olfactory epithelium under basal homeostatic conditions but
has marked inhibitory effects of olfactory epithelium regeneration
following injury (Watabe-Rudolph et al., 2011).

Among the strengths of the present study are our use of well-
characterized, physically healthy, unmedicated MDD subjects and
controls. The latter point is especially important, as we have
reported that antidepressant medication can alter PBMC telomer-
ase activity (Wolkowitz et al., 2012). Other strengths are our
simultaneous sampling of telomere length and telomerase activity
and our use of very high resolution MRI (4 T). Limitations of the
study include our small sample size and our use of single time
point blood sampling, since telomerase activity can change rapidly
in response to stress and other factors (Epel et al., 2010). Finally, in
the present case, it is not possible to specify the cellular changes

responsible for the correlations observed, as HC volume changes
can be caused by changes in neuronal size, dendritic length and
branching, glial number and volume, extracellular fluid changes
and gliogenesis (Eitan et al., 2014), as well as by neurogenesis
(Czeh and Lucassen, 2007). The most obvious limitation in our
study is our inability to directly assess telomere length, telomerase
activity or neurogenesis in the HC, so the relationship between cell
aging markers in the periphery and the corresponding markers in
the HC is unknown. Future studies should assess PBMC telomerase
activity across several time points and should include larger
sample sizes. In addition, future studies should assess additional
regional brain volumes outside of the HC (e.g., DLPFC) (Cheng et
al., 2013; King et al., 2014), and include assessment of correlations
between peripheral cell aging markers and additional imaging
modalities (e.g., functional MRI, diffusion tensor imaging and
magnetic resonance spectroscopic imaging). Finally, future studies,
in animals and in deceased humans, are needed to directly assess
correlations between peripheral telomerase activity and telomere
length and corresponding measures in the HC and other brain
regions.

In conclusion, these preliminary data suggest that telomerase
activity, measured in peripheral immune cells, is informative about
HC volume in un-medicated individuals with MDD, but not in
healthy controls, whereas leukocyte telomere length is not signifi-
cantly correlated with HC volume in either group. We suggest that
peripheral telomerase activity is up-regulated in MDD, relative to
matched healthy controls, and that this is a response to actual or
incipient cellular or telomere endangerment. To the extent telomer-
ase activity in the HC is similarly up-regulated in individuals with
MDD, resulting cellular protection or neurogenesis could account
for direct correlations with HC volume.
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