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ABSTRACT

Understanding the mechanisms that contribute to variation in lifespan is of central
importance to diverse fields including life history theory. Although the causes of aging are not
fully understood, telomere dynamics (length and loss rate) is a potentially critical mechanism
underlying longevity. Telomeres are highly conserved, non-coding regions of DNA at the ends
of eukaryotic chromosomes. Telomere loss occurs throughout life due to accumulating oxidative
damage and normal cell replication. When telomeres reach a critically short length, they stop
dividing and functioning normally.

While early life telomere length is predictive of lifespan in birds, the mechanism of
inheritance of telomere length is unknown. One hypothesized mechanism is by direct transfer
from gamete telomeres. However, very little is known about telomere dynamics in gametes.

Stress exposure has been shown to accelerate telomere loss and reduce longevity,
particularly when stress is experienced early in life. Exposure to elevated glucocorticoid
hormones during activation of the stress response is thought to lead to increased oxidative
damage, and thereby accelerate telomere loss. Sperm are particularly sensitive to oxidative
damage. Therefore, exposure to stress may accelerate aging within individuals, but also may
accelerate sperm telomere loss and thereby impact the telomere dynamics of their offspring.

To test this hypothesis, I measured natural variation in sperm telomere length and
offspring early life telomeres, sperm telomere length in response to acute and chronic stress
exposure, and the relationship between stress sensitivity and telomere length. In free-living
sparrows, | found no relationship between paternal sperm telomere length and offspring early life
telomere dynamics. Across studies, there was a consistent positive correlation between blood and

sperm telomere length, suggesting that sperm telomeres may decline with age in birds. I also
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found variation in sperm telomere length across the breeding season, and no relationship between
stress sensitivity and sperm telomere length. Finally, I found that while sperm telomere length in
free-living birds exceeded blood telomere length, in captivity sperm telomeres were equal length
or shorter than blood telomeres, potentially related to the duration of captivity. These findings

suggest that sperm telomeres are sensitive to environmental factors including stress exposure.

v



ACKNOWLEDGEMENTS

I have grown as a scientist and as a person in my time at North Dakota State University,
and I have many people to thank for helping me become who I am now. The advisor-student
relationship is unlike any other, and Britt Heidinger has been everything I could ask for in an
advisor, supporting independent inquiry and personal dreams while guiding me with her own
experiences. This dissertation was also made possible by my committee members Wendy Reed,
Ned Dochtermann, and Clayton Hilmert, who provided feedback and support at every step along
the way.

Family members, both biological and acquired, have been instrumental in supporting me
and everything I do. The HeidinGreives lab and the NDSU Biological Sciences department are
the most supportive and collaborative group out there. Special thanks to Jessica Graham and
Aubrey Sirman. Jess: I brought you to Mountain Lake and you brought me to Fargo. You have
been a true friend for many years! Aubrey, my Team Sparrow co-conspirator: it’s not often you
find someone with whom you click so completely. The Heidinger Lab experience would have
been entirely different without your friendship. My Fargo family has provided much-needed love
and encouragement outside of school, and I will miss being here with all of them. Finally, my
“real” family far and wide have inspired, encouraged, and believed in me from afar, especially
my steadfast and dependable partner Noah.

Funding for this work has generously been provided by the NDSU Environmental and
Conservation Sciences Program, the NDSU Department of Biological Sciences, ND EPSCoR,
the Linz Family Endowed Ornithology Scholarship, the Wilson Ornithological Society, and

Sigma Xi. Travel awards from the NDSU College of Science and Mathematics, the NDSU



Environmental and Conservation Sciences Program, the Society for Integrative and Comparative
Biology, and the American Ornithological Society.

Many people helped in conducting this work, including numerous undergraduate
assistants in the field and lab. Jeff Kittilson has provided hours of guidance and assistance in
planning and executing lab work. Katie Needham and Tim Greives were instrumental
collaborators on Chapter 4. I appreciate the help of Tesla the kestrel and Babou the cat in
stressing sparrows in Chapter 5. Lastly, I thank all the sparrows involved in this work, as it

literally would not have been possible without them.

vi



TABLE OF CONTENTS

ABSTRACT ...ttt et et e et e e et e e ettt eeateeeentteesaateeenbeeenteeeanaeeeanneeen iii
ACKNOWLEDGEMENTS ...ttt ettt et ettt et e e et e e s at e e enseeennneeens v
LIST OF TABLES. ... oottt ettt e et e et e e et e e snteeesnteesnseesnnneeens x1
LIST OF FIGURES ...ttt ettt e s e st e et e e enteeenteeennneeen xii
CHAPTER 1: INTRODUGCTION. ...ccuitiiiiiieeiiie et ie ettt eeeestee e st e s e seeeesseeesneeeennneeennee 1
TEIOMEIE BASICS......eiiiiiiiiiie i ettt e et e et e e e 1
House Sparrows (PassSer dOMESIICUS) .........uueeeeeeeeciiieieeeeeeeeeeiieeeeeeeeeesssivreeeaeeseeesnnsnneeeaeens 4
SPECTIIC QUESTIONS. ... euvviiiieeeeeeeeeiiitteee e e e e eeseite ittt e e eeeeessaaarreeeeeeeeeaasssssseeeeaeeseasssnsssnneaeaessennnnns 6
RETEIENICES ... ettt et e e e et e e e e 8

CHAPTER 2: AVIAN SEMEN COLLECTION BY CLOACAL MASSAGE AND

ISOLATION OF DNA FROM SPERM .....coiiiiiiiiiiiiiiie ettt ettt 14
YN o 5 211 A PRSP UPPPPPTURTPPRI 14
VIAEO LINK ..ttt e e ettt e e s e iaeeee e 14
INEEOAUCTION. ....eieiiiiiiie et ettt e et e e sttt e e e et e e s eabbeeeeeenaeee 15
PrOTOCOL ..ttt e ettt e e ettt e e et e e e 15

Semen collection from a passerine bird using cloacal massage............ccccceeeeveciiviiiereeeennnns 15
Extraction of DNA from bird SEmMen ............cooiiiiiiiiiiiiiiiiii e 19
Representative RESUILS ..........uiiiiiiiiiiiiiiiiec e e e e e e e narareee e 20
| 1 R 10 DR PRPPT 22
ACKNOWIEAZEMENTS ...eeiiiiiiiiiiiiiiie et e e e e e et e e e e e e e e s neraaeeeeeeeeesnnnnennes 23
RETEIENICES ...ttt e et e e et e e e 23

CHAPTER 3: SPERM TELOMERES, STRESS SENSITIVITY, AND OFFSPRING
EARLY LIFE TELOMERE DYNAMICS: NATURAL VARIATION IN FREE-LIVING
HOUSE SPARROWS et 26

ADSITACT. et 26

vil



L OAUCTION. et e e e e e et e e e et e e e raas 27

1Y (5171 1T PP PPPPT 29
StUAY SUDJECES. ..ottt e et e e e e ettt e e e e e e e e atbaeeeeeeeeeeannnnaaaeaaeeeeaannns 29
Blood and semen SampPling ..........cooooeuiiiiiiiieeiieiciieee e e e e e e 30
Hormone quantifiCatioN ............ieiiiiiiiiiiiiiiieee e ee e e e e e e e e e arrreeeeeeeeeenneennees 31
Measurement 0f tEIOMETES .........cciiiuiiiiiiiiiiie e e e 32
StatiStICAl ANALYSIS ...uvvviiiiiieiieiiciiiiiee e e e e e ettt e e e e e e st e e e e e e e e e nnrarreeaeeeeeann 33

RESULLS .ttt e ettt e e st e e e et e e e s et e e e 34

| o1 R 10 DU PPPPTT 37

RETEIENICES ....eeieiieee e et ettt e st e e e 40

CHAPTER 4: NO EFFECT OF ACUTE IMMUNE CHALLENGE ON SPERM

TELOMERE DYNAMICS IN CAPTIVE HOUSE SPARROWS ......ccoiiiiiiiiiieeee 47
YN o 2 211 A PSP UPUPPPURTPPRI 47
| F3 1 qe T L1 o113 o) s PP PPPPT 47
IMIEEROAS .t e ettt e e ettt e e ettt e e st e e e 51

StUAY SUDJECES. ..ttt e e e e ettt e e e e e e e s atareeeeeeeeeeannnsaaeeeaeeeeannnns 51
IMMUNE ChallENEE ....ccooeiieeeee e e e e e e e e e e 51
Blood and semen SamPling ..........cceeeeuiiiiiiiiee i e e e 52
Measurement Of tEIOMETES .........ceeiiuiiiiiiiiiiiie et e e e e eeeeee e 52
StatiStICAl ANALYSIS ...uvvviiiiiieiieiiiiiiieee e e e e e e e e e e e et e e e e e e e e e raaraeaeeeeeannn 54
RESULLS .t ettt e ettt e e sttt e e e et e e e et e e e 54
TelOMETE AYNAMICS ....coeeiiiiiiiiieee e ettt e et e e e e e e et eeeeeeeeenaaneeraeeeaeeeeeennnnnnnees 54
Repeatability of telomere length .............c.cooiiiiiiiiiiii e 56
| 1 R 10 DR PRPPT 56
RETEIENICES ...eeieiieee e ettt e ettt e e et e e e 60

viil



CHAPTER 5: RELATIONSHIP BETWEEN TELOMERE LENGTHS IN SEVERAL
TISSUES AND CHRONIC STRESS EXPERIENCE IN CAPTIVE MALE HOUSE

SPARROWS ettt ettt e ettt e e e st e e e nt et e snteeeenteeesanteesnseeenseeenee 67
YN o 2 211 A PSP UPUPPPURTPPRI 67
B3 L qe T L1 o113 o) s PP PPPPT 67
1Y (17 1 1T TR PPPPTT 70

StUAY SUDJECES. ..t e et e e e e ettt e e e e e e e et breeeeaeeeeesnnnsaaeeaaeeeeaannns 70
Chronic Stress treatMENT ..........ueeieiiiiiiie ittt e e et e e e et e e e s eibaeeeeaas 71
Blood and semen SampPling ..........ccoeeiuiiiiiiiieei e e e e e 72
(0ot W oTo) | (<o 10 ) P UPPRP 73
Measurement 0f tEIOMETES ... .....ccoiiuiiiiiiiiiiii et e e e 73
Hormone quantifiCatioN .............eeiiiiiiiiiiiiiieee e e e e e e e e e e e eeeeeeeeennenaees 75
StatiStICAl ANALYSIS ...uvvviiiiiieeieiiciiiiiiee e e e e et e e e e e e st e e e e e e e e e nnaaaraaaeeeeeann 75
RESULLS .ttt e et e e st e e e ettt e e s et e e e 76
| 1 R 10 DTSRRI 78
RETEIENICES ...eeieiieee e ettt e ettt e e et e e e 81

CHAPTER 6: SCARY CATS AND NERVOUS BIRDS: CORTICOSTERONE

RESPONSES TO LIVE PREDATOR PRESENCE IN CAPTIVE HOUSE SPARROWS......... 87
YN o 2 2T A PRSP UPTPPPPURTRPR 87
INEEOAUCTION. ....eeiiiiiieie ettt e et e e st e e e ettt e e e e anbeeeeeenneee 87
IMIEEROAS .t e ettt e e ettt e e ettt e e st e e e 89

StUAY SUDJECES. ..ottt e e e e e e et e e e e e e e e atbreeeeeeeeeesnnnsaaaeaaeeeeaannns 89
N0 S € o101 U (TR 89
Blo0d SAMPIING ..eeviiiiiiiieeee e e e e e e e e e e e nanaaees 90
Hormone quantifiCatioN ............iiiiiiiiiiiiiiiiieee et e e e e e e e e e e e eeeeeeeeennennees 91
StatiStICAl ANALYSIS ...uvvvriiiieeiieiiiiieiee e e e e e et e e e e e e e et e e e e e e e e e nraaaraeaeeeeaann 92

iX



RESUILS ettt 92

| 1 R 10 D PP PPPPTP 95
RETEIENICES ...ttt e et e et e e e 98
CHAPTER 7: CONCLUSION AND FUTURE DIRECTIONS........cooiiiiiiiieeiie e 101
RETEIENICES ... et e ettt e e s ee e 107



Table

LIST OF TABLES

Page
Species and samples collected and extracted to date (2016)........cccccuvvvveeeeeeeeiicinieenennnn. 21
Correlations between telomere lengths in blood, sperm, heart, liver, and pectoralis
muscle in adult male house sParrows in CAPLIVILY .......evereeeererriiiiiiiereeeeeeeeiiireeeeeeeeeenees 77
Correlations between CORT levels in pre-experiment baseline, first cat exposure
(cat 1), later cat exposure (cat 2), kestrel exposure, and capture-restraint in captive
MALE NOUSE SPATTOWS ....iiiiiiiiiiee e e eeeeiitt et e e e e e e ettt e e e e eeeeseaaaareeeeeeeeeasssnsenreeeaeeeeennnns 94

xi



LIST OF FIGURES

Figure Page
1 An adult male house sparrow guarding his nest in a saguaro cactus near Tucson,

AAZ) ettt et et et e e et e e e bt e e e nt e e eae e e e naeeeanneas 5
2. Grip for cloacal massage. The bird is secured lightly in the dominant hand with its

ventral side touching the palm and head secured by the pinky finger. ............ccccceeeenn. 16
3. Finger position and cloacal protuberance. Evert the cloaca by applying slight

pressure to the superior end (A). In a reproductively active male passerine, the

cloacal protuberance is obvious and firm (B)..........ccccceevviiiiiiiiiiiiiiie e 17
4. Sperm from two small passerines. These sperm samples were obtained by cloacal

massage from a house finch (Haemorhous mexicanus), left, and a house sparrow

(Passer domesticus), right, trapped in Fargo, ND in 2016. The samples were each

diluted in 20 pL PBS and viewed under a compound microscope at 1,000X and

400X magnification, TESPECHIVELY ...ccccuviiiiiiiiee e ettt e e et e e e e e e eeeeeeeeenaes 18

5. DNA gel electrophoresis of sperm DNA. Three samples of DNA extracted from
house sparrow semen run on a gel with a DNA ladder. Note the presence of
distinct bands, indicating successful extraction of high quality DNA................coennne. 21

6. Our custom nest box trap (diagram and photo). The body of the trap is constructed
from a square of 4mm corrugated plastic attached by epoxy to a 4” T-hinge,
leaving the hole at the pointed end of the hinge unobstructed. The hinge is
attached to the nest box above the entrance hole. A neodymium magnet is inset
into the box below the hole, positioned to allow the hinge to cover the magnet
when the trap door is closed. A light cord with a loop on the free end is tied to the
hole at the end of the hinge. This loop is hooked to a finishing nail on the top of
the nest box, keeping the trap door open most of the time. When the trap is to be
used, the loop is removed from the nail and attached to a fishing line with a small
trigger snap. The line is threaded over the finishing nail on top of the nest box,
and reeled out (using a small fishing pole) to the blind, keeping enough tension on
the line to hold the trap door in its normal (open) position. As soon as the target
bird enters the nest box, tension is rapidly released from the line and the hinge
swings closed, attaching to the magnet and preventing the bird’s escape. This

targeted trapping technique is often called bird fishing.............ccccccceeiiiiiiiiiiiiin s 30
7. Correlation between blood telomere length and sperm telomere length in free-

living male house sparrows (R? =.362, p = .0011) ..c..ccoevvevrrviiieeeceeeeeeeeeeeeee e, 35
8. Mean and SEM of telomere length of red blood cells and sperm in free-living

male house sparrows. Within individuals, sperm telomeres were significantly

longer than blood telomeres (P <.0001) .....ccoeeueiiiiiiieeeeeeiee e 36

xii



10.

11.

12.

13.

14.

15.

16.

17.

18.

Correlation between season and sperm telomere length by year. Season is
represented by day of year relative to the first hatch in the population (rDOY).
The solid lines depict the relationship between sperm telomere length and season
per year (season effect and season by year effect). The dashed line represents the
relationship between sperm telomere length and season in 2016 if rDOY is
restricted to include only the first wave of captures .........ccoeeecvvvvieieeeieeeiiiiieeee.

Sperm telomere length (mean and SEM) collected at four time points. LPS (n =7,
red) or vehicle (n =7, blue) was injected into each bird immediately after semen
collection at time POINE O....eeiieiieeeiiiiiiiieee e et e e e e e e e eeeeeeeeeaaees

Relationship between blood and sperm relative telomere length (T/S ratio from
gPCR) in captive house sparrows (n =14, R2= 42, p=.012.....ccccoeevrirrevrererenrne.

Timeline of chronic stress experiment in adult male house sparrows. The shaded
box represents short-day light cycle and the white box represents long-day light
()¢ SRR PPRURR

Telomere length (£ SEM, reported as Ln[T/S ratio] measured by qPCR) in blood,
sperm, heart, liver, and pectoralis muscle of adult male house sparrows in
captivity. Letters indicate significant differences between tissues............cccceeeeennnee.

Timeline of CORT sampling events from captive male house sparrows exposed to
multiple stressors. A total of six samples were collected across 180 days. During
the chronic stress phase of captivity, birds were exposed to a rotating stressor for
30 MINULES €ACH AAY .....vviiiiiiiieeeeeeiieee e e e e e e e re e e e e e e e eees

Mean and SEM of CORT response to different stressors in captive male house
sparrows. CORT response was significantly lower in response to kestrel
exposures as compared to the cat exposures and capture-restraint (p <.0001).........

Correlation between CORT response to two cat exposures 35 days apart in captive
male house sparrows. Individual CORT response was positively correlated
between the two exposures (R2= .62, p=.014). ....cccoveieieeieceeeeeeeeeeeeeee e

Rank order of CORT response to different predators in captive male house
sparrows. Due to the loss of two birds later in the experiment, rank order for
capture-restraint and falcon samples are corrected (corrected rank = [rank / n]*15)

Mean and SEM of relative telomere length in blood and sperm of free-living and
captive male house sparrows. Dotted lines indicate where telomere length cannot
be directly compared due to use of different reference samples. Mean blood
telomere length for each group was set at 1 arbitrary unit to illustrate the
differences in relationship between blood and sperm telomere length across
captivity status and dUration. .............evviiiieiiiiiiiiieee e

xiil

....... 71

....... 94

....... 95

..... 104



CHAPTER 1: INTRODUCTION
Telomere Basics

The study of telomeres began in the early 1930’s when Barbara McClintock and
Hermann Muller noticed that broken chromosome ends could fuse with other broken ends. They
also realized that natural chromosome ends could never fuse with broken or other natural ends
(McClintock 1931; Blackburn 2006). Thus, the protective function of telomeres in chromosome
capping became evident even before the structure of DNA was known. Each chromosome end is
equipped with a telomere, a highly conserved, repetitive non-coding sequence that binds to
shelterin proteins and forms a t-loop; this allows it to be easily distinguished as a true
chromosome end (Haussmann and Marchetto 2010). Without a telomere, the natural end of a
chromosome might be recognized as a double-stranded DNA break in need of repair (Blackburn
2005; Haussmann and Marchetto 2010).

The next several decades brought more groundbreaking discoveries about telomeres and
telomere dynamics, eventually leading to the 2009 Novel Prize in Physiology or Medicine being
awarded to telomere researchers Elizabeth Blackburn, Carol Greider, and Jack Szostak for their
work on chromosome protection by telomeres and telomerase. Telomeres protect DNA during
replication but are subject to incomplete terminal replication themselves. During a replication
event, a piece of the lagging strand is not replicated and remains longer than the newly
synthesized strand. This piece is called the G-strand overhang and is important in formation of
the t-loop to complete the protective cap (Haussmann and Marchetto 2010). It also means that
telomeres progressively shorten with repeated replication events. In fact, human telomeres
shorten by 50-300 nucleotides per replication, but of these lost nucleotides only about 10 are

forfeited to incomplete terminal replication (Haussmann and Marchetto 2010). The majority of



telomere loss is likely caused by oxidative damage, as telomeres are guanine-rich and
particularly vulnerable to oxidative damage (Haussmann and Marchetto 2010). Regardless of the
relative contribution of each mechanism, telomere loss is consistently associated with aging and
senescence (Monaghan 2010).

Telomere loss occurs throughout an individual’s life in many taxa (including birds,
reptiles, fish, and mammals), and loss rate is consistently highest during development, when cells
are dividing most rapidly (Monaghan 2010). However, individuals of the same age can differ
markedly in telomere length. In zebra finches, early life telomere length is predictive of lifespan;
young finches with the longest telomeres live the longest (Heidinger et al. 2012). This means that
telomere length and loss rate (collectively termed telomere dynamics) can be useful tools for
assessing differences between individuals or populations even though absolute telomere length is
not a reliable indicator of an organism’s chronological age.

Genome instability eventually results from telomere loss, when one or more of a cell’s
telomeres shorten to a critical length. This leads to loss of cell function, either by replicative
senescence or by apoptosis (Monaghan and Haussmann 2006). Replicative senescence is a state
in which a cell no longer divides and often has altered functionality (Monaghan 2010). This state
is triggered when telomeres are too short to form t-loops and thus chromosomes become
uncapped (Bekaert et al. 2005; Monaghan 2010).

Telomere loss is usually considered a one-way street, but restoration can occur in some
cases. There are several known or probable mechanisms for telomere restoration, the most
common of which depends on the enzyme telomerase (Monaghan 2010). Telomerase expression
1s mostly downregulated after early development but remains active in dividing tissues, including

stem cells and germ line cells (Monaghan and Haussmann 2006; Haussmann et al. 2007). If



telomerase can restore telomere length and prevent chromosome uncapping, it would seem
advantageous to maintain it in all tissues. In reality, telomerase is sometimes activated in adult
somatic cells whose chromosomes have become uncapped — these cells become malignant rather
than senescent (Monaghan and Haussmann 2006). Telomere shortening and replicative
senescence therefore play a critical role in preventing complications that could arise from DNA
damage and chromosome instability. In addition to chromosome capping, telomeres act as
chromosome wardens; the damage they accumulate is indicative of the overall level of DNA
damage from various sources. Cell replication and transcription are usually halted before the
damage becomes destructive or unmanageable (Haussmann and Marchetto 2010).

Telomere shortening is a firmly established cause of cellular senescence in vitro, but
telomere dynamics (length and loss rate) are likely a critical mechanism underlying organismal
aging as well. Recent avian studies are helping to solidify the link between telomere loss and
organismal aging. For example, Asghar et al. (2015) found that great reed warblers with chronic
avian malaria had reduced lifespan and shorter telomeres as compared to uninfected individuals.
Other birds also suffer reduced longevity from exposure to stressful circumstances, especially
when the stress is experienced early in life (Monaghan et al. 2012). This may be mediated by
telomere loss, as a similar exposure to stress during the juvenile stage accelerated telomere loss
in a long-lived seabird (Herborn et al. 2014).

The role of telomere dynamics in organismal aging, and the factors that mediate,
accelerate, and reduce telomere loss are all exciting areas of study with many yet unexplored
opportunities. My research focuses on an emerging area in telomere research with roots in a
familiar idea. Here I describe my approach to begin answering a large question: does stress

experienced by parents influence rate of aging in their offspring?



House Sparrows (Passer domesticus)

House sparrows are medium-sized seed-eating passerines in the genus Passer, Old World
sparrows, with a native range spanning Europe, Asia, and North Africa (Anderson 2006). Now
the most widespread land bird in the world, house sparrows have lived in close association with
humans for many thousands of years (Anderson 2006). House sparrows are nonmigratory, semi-
colonial, secondary cavity nesters; they often nest in buildings of all kinds, and populations can
be very dense in areas with plentiful food, such as agricultural and urban areas (Anderson 2006).
They were introduced to North America from Europe repeatedly across the latter half of the 19
century, and populations were widespread across the United States and Canada by 1915
(Anderson 2006). While originally thought to be helpful in controlling crop pests, house
sparrows are only insectivorous during chick rearing and are themselves crop pests for most of
the year (Anderson 2006). Now widely considered nuisance birds, house sparrows are most
populous across the Midwest, where agriculture is particularly prevalent; populations in the
upper Midwest are also among the largest in North America (Anderson 2006).

Due to their relative abundance and now-global distribution, house sparrows have served
as subjects for a wide range of studies, including transcriptome sequencing, invasion biology,
and stress responses (e.g. Lendvai et al. 2007; Ekblom et al. 2014; Liebl et al. 2015). To address
questions about longevity, telomere dynamics, and reproduction in birds, free-living house
sparrows seemed an ideal non-model subject. House sparrows have a modal lifespan of 2 years
and maximum of over 10, allowing us to follow known-age individuals across their entire lives
with good variation in individual longevity (Anderson 2006). They are accustomed to human
presence, and have multiple clutches across the summer, with chicks fledging 12-15 days after

hatching (Anderson 2006). In 2014, I helped establish the Heidinger Lab nest box population on



North Dakota State University agricultural sites in Fargo, ND. In our population, nest boxes are
consistently occupied, chicks are easily accessible for repeated sampling and banding, and adults
can be captured on the nest using my custom nest box trap (see Chapter 3). Our median brood
size is 4 chicks, and we typically band 200 or more chicks per year in addition to fledglings and
adults (pers. obs.). All of my studies were conducted in either free-living house sparrows at our

field sites, or house sparrows taken into captivity from other sites in Fargo.

+:©Aurelia Kucer % % o &
Figure 1. An adult male house sparrow guarding his nest in a saguaro cactus near Tucson, AZ.



Specific Questions

1. How are sperm and blood telomere length related, and how repeatable is sperm telomere
length, within individuals?

2. How is sperm telomere length related to stress sensitivity? How is stress response
influenced by stressor type?

3. Does stress experience impact sperm telomere dynamics? Are these effects dependent on
duration of stressor exposure?

4. Is offspring early life telomere length related to paternal sperm telomere length?

Telomere length is most commonly measured in blood (leukocytes in mammals,
erythrocytes in birds) as it is an easy tissue to sample noninvasively and has high cellular
turnover (Haussmann et al. 2007). In adult animals, telomere loss rate is expected to be higher in
highly proliferative tissues such as blood, gonads, and intestines, as compared to tissues with low
cell division such as skeletal muscle and liver (Haussmann et al. 2007; Schmidt et al. 2016). Few
studies have compared telomere length between tissues in birds, and in house sparrows it is
unknown whether telomere length is correlated between tissues (Schmidt et al. 2016).

Sperm telomere length is of particular interest as direct inheritance of germ line telomeres
is one hypothesized pathway of telomere inheritance (Haussmann and Heidinger 2015). Gonadal
tissue is highly proliferative and also expresses telomerase throughout life in short-lived birds
(Haussmann et al. 2007). Sperm are highly susceptible to oxidative damage, but upregulated
telomerase expression in the gonad may protect gamete telomeres against damage caused by
increased oxidative stress (Almbro et al. 2011; Losdat et al. 2011; Haussmann and Heidinger

2015).



Human studies suggest that sperm telomere length increases with age, while leukocyte
telomere length decreases, and that older fathers produce offspring with longer telomeres
(Kimura et al. 2008; Aston et al. 2012; Eisenberg et al. 2012; Ferlin et al. 2013; Yang et al.
2015). Beyond this, little is known about potential differences in telomere dynamics between
tissues, partly due to the difficulty of obtaining repeat samples of many tissues (Reichert et al.
2013; Schmidt et al. 2016). To date, sperm telomere length has only been reported in humans,
pigs, and cattle (Kozik et al. 1998; Ferlin et al. 2013).

Telomere loss occurs throughout life due to accumulating oxidative damage and normal
DNA replication processes (Monaghan 2014; Zhao et al. 2014; Haussmann and Heidinger 2015).
Stress exposure has been shown to accelerate telomere loss and reduce longevity, particularly
when stress is experienced in early life (Epel et al. 2004; Haussmann and Marchetto 2010; Tyrka
et al. 2010; Herborn et al. 2014; Asghar et al. 2015). The impact of stress experience on telomere
dynamics during adulthood is less studied, but there is evidence that stress can accelerate
telomere loss in adult birds (Monaghan et al. 2012; Hau et al. 2015). However, mild stress can
also increase longevity (Marasco et al. 2015). These hormetic effects may be the result of
increased telomerase expression in response to stress (Monaghan 2014; Haussmann and
Heidinger 2015). Elevation of circulating glucocorticoid hormones in response to stress,
including the primary avian stress hormone corticosterone (CORT), leads to increased oxidative
damage (Costantini et al. 2011; Monaghan 2014). Therefore, individual differences in telomere
loss rate may be partially mediated by differences in sensitivity to stress.

In a typical avian acute stress response, elevation of CORT begins within minutes of
stressor exposure, and negative feedback at the hypothalamus and pituitary slowly reduce

circulating glucocorticoids to baseline after reaching maximal levels within an hour (Romero and



Romero 2002). Dysregulation of the HPA axis can occur when stressors are frequent or
prolonged; when this occurs, the animal is said to be experiencing chronic stress (Rich and
Romero 2005; Miller et al. 2007). This dysregulation of the HPA axis can manifest as either
depressed or elevated CORT (baseline, stress-induced, and negative feedback), and may depend
on stressor type and timing in relation to stressor onset (Breuner et al. 1999; Clinchy et al. 2004;
Rich and Romero 2005; Miller et al. 2007; Dickens et al. 2009). While context-dependent stress
responsiveness is a topic of broad interest, few studies have considered how individual stress
responsiveness varies with stressor type in birds (Silverin 1998; Cockrem and Silverin 2002a;
Butler et al. 2009; Canoine et al. 2013).

In the following chapters, I address these questions in captive and free-living house
sparrows. While intriguing questions remain as to what degree parental eftects influence
offspring aging, the mechanisms of inheritance of telomere length, and the sensitivity of sperm
telomeres to environmental influences, I provide preliminary information in an emerging area of
telomere biology.

Aging kills us all

Can dad’s wisdom age his kids?

Sperm may be the key
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CHAPTER 2: AVIAN SEMEN COLLECTION BY CLOACAL MASSAGE AND
ISOLATION OF DNA FROM SPERM!
Abstract
Collection of semen may be useful for a wide range of applications including studies
involving sperm quality, sperm telomere dynamics, and epigenetics. Birds are widely used
subjects in biological research and are ideal for studies involving repeated sperm samples.

However, few resources are currently available for those wishing to learn how to collect and

extract DNA from avian sperm. Here we describe cloacal massage, a gentle, non-invasive
manual technique for collecting avian sperm. Although this technique is established in the
literature, it can be difficult to learn from the available descriptions. We also provide information
for extracting DNA from avian semen using a commercial extraction kit with modifications.
Cloacal massage can be easily used on any small- to medium-sized male bird in reproductive
condition. Following collection, the semen can be used immediately for motility assays, or
frozen for DNA extraction following the protocol described herein. This extraction protocol was
refined for avian sperm and has been successfully used on samples collected from several
passerine species (Passer domesticus, Spizella passerina, Haemorhous mexicanus, and Turdus
migratorius) and one columbid (Columba livia).

Video Link

The video component of this article can be found at https://www.jove.com/video/55324/

! The material in this chapter was co-authored by Aurelia Kucera and Britt Heidinger. Aurelia Kucera had primary
responsibility for collecting samples, data collection, data analysis, and composition of the first draft of this chapter.
Britt Heidinger was the primary provider of funding for materials and assisted in revisions of this chapter. This
publication can be found as “Kucera, A.C. and B.J. Heidinger. 2018. Avian Semen Collection by Cloacal Massage
and Isolation of DNA from Sperm. Journal of Visualized Experiments, doi:10.3791/55324.”
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Introduction

Birds are ideal subjects for studies involving sperm quality and competition (Briskie et al.
1992), sperm telomere dynamics (Monaghan 2010), epigenetics (Carrell 2012), and similar
topics, as they are widely used in biological research and sperm can be easily sampled using
cloacal massage. Cloacal massage is a gentle, non-invasive manual technique for collecting
semen from birds (Burrows and Quinn 1937; Wolfson 1952; Kast et al. 1998). Repeated samples
can be obtained easily and no special tools are required, making it simple to perform in the field
or lab. Although cloacal massage has been in use for decades, it is difficult to learn from the
available written descriptions. This publication is intended to reduce the time and uncertainty
involved in learning cloacal massage.

Semen collected from birds using cloacal massage can be used immediately for motility
assessment (Burrows and Quinn 1937; Helfenstein et al. 2010) or artificial insemination
(Purchase and Earle 2012), or frozen for other uses such as advanced imaging and DNA
extraction. Semen samples from passerine birds are small but contain densely packed sperm.
DNA is extracted using a commercial extraction kit for simplicity, with modifications to
overcome the specialized protective features of sperm (Gill et al. 1985). After extraction, sperm
telomeres can be measured using qPCR (Criscuolo et al. 2009).

Protocol

This protocol involves vertebrate animal subjects and has been approved by the
Institutional Animal Care and Use Committee (IACUC) at North Dakota State University.
Semen collection from a passerine bird using cloacal massage

NOTE: Cloacal massage is an effective semen collection technique on reproductively

active birds only, but can be performed successfully outside of the breeding season in
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appropriate captive situations. Reproductive activity should be determined for target species
prior to using cloacal massage. This technique can be used on wild birds upon capture or on birds
held in captivity.
1. Starting with a male bird, (in breeding condition) bander's grip in the non-dominant hand,
transfer the bird to the dominant hand with its ventral side touching the palm (Figure 2).
a. Ensure that the bird's head is nearest to the lateral edge of the palm. Lightly secure the
head and body using the pinky, ring, and middle fingers. This leaves the bird's vent

and tail exposed.

b. Leave the bird's legs loose or lightly restrained using the palm.
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Figure 2. Grip for cloacal massage. The bird is secured lightl in the dominant hd with its
ventral side touching the palm and head secured by the pinky finger.

2. Place the dominant index finger and thumb on either side of the superior end of the cloaca
and lightly pinch the fingers together while applying very slight pressure toward the tail
(Figure 3). The cloaca will evert, exposing the cloacal mucosa (pink interior). NOTE: If

the bird is not currently producing semen, the clocal protuberance can be small and the
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cloaca is difficult to evert. With experience, it is easy to differentiate between the cloacas

of reproductively active and inactive males (Burrows and Quinn 1937; Lovette and

Fitzpatrick 2016).

Fig 3. inger position nd cloacal protunce. Ever the cloaca by applying slight pressure
to the superior end (A). In a reproductively active male passerine, the cloacal protuberance is
obvious and firm (B).

3. With the non-dominant hand, place the pad of the index finger on the dorsal side of the
base of the tail to stabilize the hand, and then place the tip of the thumb just below the
everted cloaca. NOTE: A short and smooth thumbnail is advantageous for performing
cloacal massage and protects the bird from accidental injury.

4. Move the non-dominant thumb deep and cranially in a repetitive motion with medium
pressure, staying below the cloaca. Continue until the bird ejaculates. Depending on the
individual, this typically takes between 1 and several dozen strokes.

5. As soon as the bird ejaculates, collect the semen in a microhematocrit tube. Repeat cloacal

massage to obtain multiple ejaculates. NOTE: Passerine semen in light brown and
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typically has a somewhat thick consistency. White or dark substances ejected from the
cloaca are not semen, and may contaminate the semen sample. The appearance of a small
amount of blood on the cloaca or mixed in with the semen is usually caused by too much
pressure during massage.

6. For DNA extraction, place the semen into a microcentrifuge tube with 20 uL 0f 1x PBS
(pH 7.4). NOTE: Semen stored in 1x PBS is not suitable for artificial insemination, but
can be used for DNA extraction at a later date when stored at -80 °C. The PBS can be
room temperature or chilled, but should be in a liquid state when the semen sample is
deposited.

a. Confirm the presence of sperm in the sample by viewing a small amount of the diluted
sample under a compound microscope (Figure 4).

7. Store the diluted semen at -80 °C until extraction.

Figure 4. Sperm from two small passerines. These sperm samples were obtained by cloacal
massage from a house finch (Haemorhous mexicanus), left, and a house sparrow (Passer
domesticus), right, trapped in Fargo, ND in 2016. The samples were each diluted in 20 uL. PBS
and viewed under a compound microscope at 1,000X and 400X magnification, respectively.
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Extraction of DNA from bird semen

NOTE: This protocol has been tested with multiple DNA extraction kits, but has only
been successful when used with one kit (QIAamp® DNA Micro Handbook 2014). Steps that are
modified from the kit protocol are indicated by *.

1. Prepare a 1 M solution of dithiothreitol (DTT) in water and mix using a vortex.*

a. Aliquot the DTT solution and store it at -20 °C until immediately before use. Each
sample to be extracted requires 10 uL of 1 M DTT solution. *
2. Prepare a buffer containing 20 mM Tris-CL (pH 8.0); 20 mM EDTA; 200 mM NaCL; and
4% SDS. Each sample to be extracted requires 90 pL of this buffer.*
a. Store the buffer at room temperature. If it has precipitated, warm it to 56 °C to
dissolve.*

3. Preheat an incubator containing a rocker or shaker to 65 °C.*

4. Immediately before beginning the extraction, mix 10 uL DTT solution with 90 pL of the
buffer prepared in step 2b for each sample to be extracted, e.g. 900 uL buffer plus 100 puL
DTT solution if extracting 10 samples. This mixture will be called DTT-buffer.*

5. Add 70 pL 1x PBS to the entire diluted semen sample and mix well using a vortex.*

6. Add 100 pL. DTT-buffer and 10 pL proteinase K solution to the sample. Vortex for 20

seconds, then incubate in the preheated incubator for 1 hour on a rocker or shaker.*

7. Add 100 pL buffer AL and 200 uL fresh EtOH (100%) and vortex for 20 seconds.*

8. Transfer the entire sample to a spin column and centrifuge 1 minute at 6,000 x g. Discard

the collection tube.
9. Place the column on a new tube and add 500 pL prepared buffer AW 1. Centrifuge 1

minute at 6,000 x g. Discard the flow-through and place the column back on the tube.
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10. Place the column on a new tube and add 500 uL prepared buffer AW?2. Centrifuge for 1
minute at 6,000 x g. Discard the flow-through and place the column back on the tube.
11. Centrifuge 3 minutes at 20,000 x g. Discard the collection tube and place the column on a
1.5 mL microcentrifuge tube.
12. Pipet 35 pL of AE buffer directly onto the column membrane and incubate at room
temperature for 5 minutes.*
13. Centrifuge 1 minute at 14,000 x g. Discard the spin column and store extracted samples
at -80 °C.
Representative Results
Cloacal massage and DNA extraction using the described protocol has been performed on
several passerine species and one columbid (Table 1). The presence of sperm in semen samples
collected by cloacal massage was confirmed by viewing a small amount of the diluted samples
under a compound microscope at 400X magnification (Figure 4). After extracting DNA from
semen samples collected from house sparrows using the protocol described here, eight samples
were run on gel electrophoresis with a DNA ladder (three samples can be seen in Figure 5).
Distinct bands without smearing were seen in all eight of the sample lanes, indicating successful
isolation of high quality DNA. All other samples extracted using this protocol were assessed for

DNA concentration using a spectrophotometer (See Table 1).
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Table 1.

Species and samples collected and extracted to date (2016).

success rate

House Chipping House finch American Rock pigeon
sparrow sparrow (Haemorhous | robin (Turdus | (Columba
(Passer (Spizella mexicanus) migratorius) livia)
domesticus) passerina)

Number of

samples 156 3 2 2 2

collected

Number of

samples 90 3 2 2 2

extracted

Semen

collection 98% 75% 100% 67% 67%

At the time of publication (2016), samples have been processed using the described protocol
from 4 passerine species and 1 columbid. Semen collection success rate refers to the percentage
of each for which a sample was successfully obtained out of the total number attempted.
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Figure 5. DNA gel electrophoresis of sperm DNA. Three samples of DNA extracted from house
sparrow semen run on a gel with a DNA ladder. Note the presence of distinct bands, indicating
successful extraction of high quality DNA.




Discussion

We describe a simple and reliable method for collecting semen from small and medium
birds in reproductively active condition, and extracting DNA from avian sperm.

The described semen DNA extraction protocol is modified from a kit for simplicity, but
was refined for use on avian semen. Sperm are resistant to lysis by standard extraction chemicals
(Gill et al. 1985; Carter et al. 2000), and semen samples collected from passerines are fairly
small (typically a few microliters). These factors present challenges that are successfully
overcome by using an appropriate concentration of DTT and incubating at 65 °C. Using this
method, we have consistently isolated usable amounts of DNA for qPCR analysis of sperm
telomere length (typically between 40 - 250 ng/uL, depending on ejaculate volume).

DTT has previously been used to extract DNA from avian sperm in combination with a
phenol/chloroform reaction (Carter et al. 2000). Phenol/chloroform reactions are effective for
isolating DNA, but they are more time consuming, are more hazardous and require a fume hood.
A notable limitation of our extraction protocol is that it has only been successful when used with
one brand and type of extraction kit, possibly due to the small volume of starting sample. Very
small semen samples (less than 1 pL) or samples with low sperm density may prevent successful
extraction of DNA due to insufficient DNA present in the sample, but we have not encountered
this problem when cloacal massage is performed on birds in breeding condition. To avoid this
issue, cloacal massage can be repeated immediately to collect multiple ejaculates that can be
pooled for extraction.

Cloacal massage has been in use for decades and in many species (Briskie and
Montgomerie 1992; Burrows and Quinn 1937; Wolfson 1952; Kast et al. 1998; Helfenstein et al.

2010; Calhim et al. 2009; Samour et al. 1986; Stelzer et al. 2005), and is a quick and effective
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means of collecting semen from birds in many cases. For studies involving wild or untrained
birds that can be captured, it is more effective than collection methods that rely on convincing a
male bird to copulate with an item and deposit his semen willingly (Burrows and Quinn 1937).
Another semen collection method is by dissection of the testes or seminal glomera, but this is not
an option for conservation purposes or repeated sampling (Burrows and Quinn 1937; Birkhead et
al. 1997). The primary limitation of cloacal massage is the difficulty in learning the technique
without demonstration. Written descriptions are often insufficient to understand and learn to
implement the process. By illustrating cloacal massage in detail, we hope to reduce learning time
and difficulty for those wishing to learn the technique.
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CHAPTER 3: SPERM TELOMERES, STRESS SENSITIVITY, AND OFFSPRING
EARLY LIFE TELOMERE DYNAMICS: NATURAL VARIATION IN FREE-LIVING
HOUSE SPARROWS
Abstract

Telomere dynamics is a mechanism that likely underlies aging in many taxa. Individuals
of the same age differ in telomere length, and early life telomere length is predictive of longevity
in birds. Stress is known to accelerate telomere loss, which may reduce longevity. Telomere
length is usually measured in blood cells, and we have little knowledge of how telomere
dynamics differ between tissues. Sperm is a tissue of particular interest as it has a hypothesized
role in telomere length inheritance, but sperm may also be protected against telomere
degradation. In a free-living population of house sparrows (Passer domesticus) we measured
sperm and blood telomeres (n = 76), stress sensitivity (n = 60), and body condition in adult
males. We also measured offspring early life telomere dynamics in nests for which we had blood
and sperm samples from fathers (n = 15). Within individuals, blood and sperm telomere length
were positively correlated, but sperm telomeres were longer than those in blood. Sperm telomere
length varied across the breeding season. Blood telomere length was positively related to body
condition, but this relationship was not found in sperm. There was no effect of stress sensitivity
on telomere length in males. We found no relationship between offspring early life telomere
dynamics and father’s blood or sperm telomere length. These results suggest that sperm
telomeres decline with age and may be sensitive to environmental factors, but are largely
protected against degradation compared to blood telomeres. Our result of no relationship

between father and offspring telomere length is based on a small sample size, and more studies
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are needed to assess the potential link between paternal sperm telomere length near fertilization
and offspring early life telomere dynamics.
Introduction

Understanding the mechanisms that contribute to variation in lifespan is of central
importance to diverse fields including life history theory. Although the causes of aging are not
fully understood, telomere dynamics (length and loss rate) is a potentially critical mechanism
underlying longevity (Monaghan 2010; Monaghan 2014). Telomeres are highly conserved, non-
coding regions of DNA at the ends of eukaryotic chromosomes. They shorten during cell
division and telomere loss accelerates in response to stress, but telomere loss can be mitigated or
reduced by the enzyme telomerase (Blackburn 2005; Monaghan and Haussmann 2006; Sahin and
DePinho 2010; Monaghan 2014).

Telomere loss occurs throughout life due to accumulating oxidative damage and normal
DNA replication processes (Monaghan 2014; Zhao et al. 2014; Haussmann and Heidinger 2015).
Stress exposure has been shown to accelerate telomere loss and reduce longevity, particularly
when stress is experienced in early life (Epel et al. 2004; Haussmann and Marchetto 2010; Tyrka
et al. 2010; Herborn et al. 2014; Asghar et al. 2015). The impact of stress experience on telomere
dynamics during adulthood is less studied, but there is evidence that adult stress can accelerate
telomere loss in birds (Monaghan et al. 2012; Hau et al. 2015). However, mild stress can also
increase longevity (Marasco et al. 2015). These hormetic effects may be the result of increased
telomerase expression in response to stress (Monaghan 2014; Haussmann and Heidinger 2015).
Elevation of circulating glucocorticoid hormones in response to stress, including the primary

avian stress hormone corticosterone (CORT), leads to increased oxidative damage (Costantini et
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al. 2011; Monaghan 2014). Therefore, individual differences in telomere loss rate may be
partially mediated by differences in sensitivity to stress.

Telomere length varies between individuals of the same age, but early life telomere
length is predictive of lifespan in birds, and adult telomere length can be predictive of future
survival (Haussmann et al. 2005; Pauliny et al. 2006; Heidinger et al. 2012; Barrett et al. 2013).
However, the inheritance of telomere length is not well understood (Monaghan 2010). In humans
and some reptiles, offspring telomere length seems to be influenced by paternal age and telomere
length (Njajou et al. 2007; Nordfjéll et al. 2010; Olsson et al. 2011). Evidence from birds
suggests either primarily maternal inheritance or equal contribution of parents (Horn et al. 2011;
Asghar et al. 2014; Atema et al. 2015; Reichert et al. 2015). However, it is unclear to what
degree paternal effects influence early life telomere dynamics.

One hypothesized mechanism of telomere length inheritance is the direct transfer of
gametic telomeres to zygotes (Graakjaer et al. 2004; Baird et al. 2006; Monaghan 2010).
Telomere length in the germ line is maintained by telomerase, which is upregulated throughout
life in avian gonads (Monaghan and Haussmann 2006; Haussmann et al. 2007; Liu et al. 2007).
In spite of the high levels of telomerase, germ line telomeres can change over time; this variation
has the potential to influence offspring telomere length (Kimura et al. 2008; Monaghan 2010;
Ferlin et al. 2013). Gonadal tissue is highly proliferative, and sperm are very susceptible to
oxidative damage, so telomere loss could be higher in sperm as hypothesized in other tissues
with high cell division (Haussmann et al. 2007; Almbro et al. 2011; Losdat et al. 2011; Schmidt
et al. 2016). Alternatively, sperm telomeres may be sufficiently protected by upregulated

telomerase, or subject to screening by selective destruction of low-quality and short-telomere

28



cells (Kimura et al. 2008; Eisenberg et al. 2012; Ferlin et al. 2013; Haussmann and Heidinger
2015).

Important in evaluating the role of germ line telomere length in shaping offspring early
life telomere length is an understanding of germ line telomere dynamics in general, which is still
lacking (Monaghan 2010). Human studies suggest that sperm telomere length increases with age,
while leukocyte telomere length decreases, and that older fathers produce offspring with longer
telomeres (Kimura et al. 2008; Aston et al. 2012; Eisenberg et al. 2012; Ferlin et al. 2013; Yang
et al. 2015). Beyond this, little is known about potential differences in telomere dynamics
between tissues, partly due to the difficulty of obtaining repeat samples of many tissues (Reichert
et al. 2013; Schmidt et al. 2016). To date, sperm telomere length has only been reported in
humans, pigs, and cattle (Kozik et al. 1998; Ferlin et al. 2013).

We measured sperm telomere length in a free-living population of house sparrows in
order to relate it to a) blood telomere length, b) body size and season, c) stress sensitivity, and d)
offspring early life telomere dynamics. Based on preliminary data, we predicted a positive
relationship between blood and sperm telomere length. With respect to offspring telomere length,
we hypothesized a positive relationship with paternal sperm telomere length, similar to observed
relationships in humans.

Methods

Study subjects

Adult male house sparrows were captured at our free-living nest box population on
agricultural sites on North Dakota State University campus during the breeding seasons of 2014
through 2016. Birds were caught using mist nets and potter traps (non-targeted) or on the nest

using custom nest box traps (targeted; Figure 6). In 2016, chicks from all nests in our population
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were sampled for use in maintaining known-age population records and for various experiments.

All procedures were approved by the IACUC at North Dakota State University (#A17035).

Corrugated
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into box
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Figure 6. Our custom nest box trap (diagram and photo). The body of the trap is constructed
from a square of 4mm corrugated plastic attached by epoxy to a 4” T-hinge, leaving the hole at
the pointed end of the hinge unobstructed. The hinge is attached to the nest box above the
entrance hole. A neodymium magnet is inset into the box below the hole, positioned to allow the
hinge to cover the magnet when the trap door is closed. A light cord with a loop on the free end
is tied to the hole at the end of the hinge. This loop is hooked to a finishing nail on the top of the
nest box, keeping the trap door open most of the time. When the trap is to be used, the loop is
removed from the nail and attached to a fishing line with a small trigger snap. The line is
threaded over the finishing nail on top of the nest box, and reeled out (using a small fishing pole)
to the blind, keeping enough tension on the line to hold the trap door in its normal (open)
position. As soon as the target bird enters the nest box, tension is rapidly released from the line
and the hinge swings closed, attaching to the magnet and preventing the bird’s escape. This
targeted trapping technique is often called bird fishing.

Blood and semen sampling

For adults, approximately 75 uL of whole blood was collected from the brachial vein into
a heparinized micro-hematocrit tube within 3 minutes of capture. This sample was used for both
telomere analysis (red blood cells) and baseline CORT measurement (plasma). At this time,

morphometric measurements (mass, wing chord) and a semen sample was collected using
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cloacal massage (Wolfson 1952; Kucera and Heidinger 2018). Semen was immediately diluted
into 20 puL of 1x PBS and stored on ice for up to 8 hours until stored at -80 °C.

Most birds in 2016 were also subjected to a standardized capture-restraint protocol to
measure sensitivity to stress. After the initial blood sample, the bird was placed in a soft cloth
bag for 30 minutes, at which point a stress-induced blood sample (75 pL) was collected.
Previous studies have shown that 30 minutes of restraint elicits maximal circulating CORT in
house sparrows (Breuner and Orchinik 2001; Lindstrom et al. 2005). All blood samples were
immediately stored on ice for up to 8 hours, centrifuged, separated into plasma and red blood cell
fractions, and frozen at -80 °C until use.

Blood samples were collected from chicks twice during the nestling period. At 2 days of
age (or when the majority of the chicks in the nest were 2 days of age), a very small (~5 uL) was
collected from the brachial vein into a heparinized micro-hematocrit tube and immediately
diluted in 20 puL of 1x PBS and stored on ice. At 10 days of age (or when the majority of the
chicks in the nest were 10 days of age), samples of ~50-75 uL were collected and treated in the
same way as adult samples. All blood samples were immediately stored on ice for up to 8 hours,
centrifuged, separated into plasma and red blood cell fractions, and frozen at -80 °C until use.
Hormone quantification

A commercially available CORT enzyme immunoassay kit (Enzo Life Sciences ADI-
901-097) was used for CORT analysis following a protocol previously validated in house
sparrows (Kuhlman and Martin 2010; Martin et al. 2011). Briefly, 5 uL of 10% steroid
displacement buffer was added to 5 pL of each plasma sample, 240 uL of assay buffer was
added, and the sample mixture was aliquoted in duplicate to the assay plate. A standard curve

ranging from 32 — 200,000 pg/ml was aliquoted in triplicate. All wells were incubated with
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conjugated CORT and antibody on a shaker, wells were washed, and substrate was added before
a second incubation. Stop solution was added, and the plate was read at 405 nm (corrected at 580
nm per manufacturer’s recommendation). Inter- and intra-assay variation were 8.80% and 3.06%
respectively.

Measurement of telomeres

DNA was extracted from red blood cells using commercially available extraction kits
(Macherey-Nagel NucleoSpin Blood #740951) and following manufacturer protocol. DNA was
extracted from whole diluted semen samples using commercially available extraction kits with
modifications, following Kucera and Heidinger (2018). After extraction, DNA concentration and
purity were assessed with a Nanodrop 8000 spectrophotometer (Thermo Scientific).

Relative telomere length was measured using quantitative PCR on a Strategene Mx3000P
as described in Cawthon (2002) and modified for use in house sparrows. The relative telomere
length of samples was calculated as the ratio (T/S) between telomere repeat copy number (T) and
single copy control gene number (S) relative to the reference sample. Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) was used as the single copy control gene. The telomere
forward and reverse primers used were: Tel 1B (5'-
CGGTTTGTTTGGGTTTGGGTTTGGGTTTGGGTTTGGGTT-3’), Tel2b (5'-
GGCTTGCCTTACCCTTACCCTTACCCTTACCCTTACCCT-3"). Zebra finch GAPDH
primers were used to amplify the control gene: GAPDH-F (5°-
AACCAGCCAAGTACGATGACAT-3"), GAPDH-R (5’CCATCAGCAGCAGCCTTCA-3").
The telomere and GAPDH reactions were run on separate plates, and the number of PCR cycles
(Cy) required for the products to accumulate enough fluorescence to cross a threshold was

determined each time. Samples with relatively low C; values had longer telomeres than those
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with relatively high C; values. All samples were run in triplicate, and average values were used
to determine the T/S ratio using the following formula: 24t where AAC; = (C{¢l° — CGAPPH)
reference - (C¢¢l° — COAPPH) (Agilent Technologies 2012).

The efficiency of each reaction was measured by including on each plate a standard curve
produced by serial dilution of a reference sample. This sample was a pool of DNA from several
female house sparrows collected in 2014. In all cases, plate efficiencies were within the accepted
range of 100 £ 15%, and samples fell within the bounds of the standard curve. Intra-plate
variation of Ct for GAPDH and telomere plates were 0.044% and 0.083% respectively, and inter-
plate variation of ACt was 5.43%.

Statistical analysis

All T/S ratios and CORT values were natural-log transformed to ensure normality. To
compare season effects between years, we used relative day of year (rDOY), calculated as the
day of sampling minus the day of the first hatch in the population. Body condition was calculated
as the residual of mass by wing chord; values above zero indicate relatively heavier birds, while
values below zero indicate relatively lighter birds (Geiger et al. 2012). Pearson correlation and
mixed models were used to determine the relationship between blood and sperm telomere length
within individuals (n = 76), and between CORT and telomere length within individuals (n = 60).
In the first mixed model, T/S ratio was the dependent variable, with tissue as a fixed effect and
individual as a random effect. In the second set of mixed models, blood or sperm T/S ratio was
the dependent variable, baseline and stress-induced CORT, rDOY, and body condition were
fixed effects, and plate was a random effect. Two further mixed models were used to consider

relationships between body condition, season, and year, since all birds with a CORT measure
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were captured in 2016. Blood or sperm T/S was the fixed effect, body condition, rDOY, year,
and rDOY x year were fixed effects, and plate was a random effect.

For a subset of nests, we had 2-day and 10-day nestling blood samples as well as the
father’s blood and semen samples collected during incubation or early nestling phase (n = 15).
Mixed models were performed to determine the relationship between a father’s blood and sperm
telomere length and his offspring’s early life telomere length. In one, the dependent variable was
T/S ratio at day 2, with father’s blood T/S ratio as a fixed effect, and nest and plate as random
effects. A similar model was run with father’s sperm T/S ratio as the fixed effect. In the next
model, the dependent variable was T/S ratio at day 10, with father’s blood T/S ratio as a fixed
effect, and nest, plate, brood size, and offspring T/S ratio at day 2 as random effects. A similar
model was run with father’s sperm T/S ratio as the fixed effect. To determine whether chicks
experienced change in telomere length between 2 and 10 days of age, a mixed model was used
for all 2016 nestlings for which we had both samples (n = 160). With telomere length as the
dependent variable, age was a fixed effect and individual and plate were included as random
effects.

Results

Considering birds from all years, blood and sperm telomere length were positively
correlated (R? = .362, p =.0011; Figure 7). Within individuals, telomere length in sperm was
longer than in blood (F1,74.99 = 110.15, p <.0001; Figure 8). Cross-sectionally, sperm telomere
length was significantly related to both season (rDOY; Fi1 722=13.72, p =.0004) and season by
year (F1,724 =17.52, p <.0001); sperm telomere length increased with date in 2014 but decreased
with date in 2016 (Figure 9). There were no effects of season, year, or body condition on blood

telomere length.
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Figure 7. Correlation between blood telomere length and sperm telomere length in free-living
male house sparrows (R? =.362, p =.0011).
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Figure 8. Mean and SEM of telomere length of red blood cells and sperm in free-living male
house sparrows. Within individuals, sperm telomeres were significantly longer than blood
telomeres (p <.0001).
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Figure 9. Correlation between season and sperm telomere length by year. Season is represented
by day of year relative to the first hatch in the population (rDOY). The solid lines depict the
relationship between sperm telomere length and season per year (season effect and season by
year effect). The dashed line represents the relationship between sperm telomere length and
season in 2016 if rDOY is restricted to include only the first wave of captures.

In 2016, body condition was predictive of blood telomere length so that birds with higher
mass to wing chord ratios had longer telomeres (F1.4633 = 10.73, p = .002), but body condition
was not related to sperm telomere length. Baseline CORT, stress-induced CORT, and season
were not related to either blood or sperm telomere length.

There was no effect of father’s blood or sperm telomere length on offspring telomere
length at either time point. There was no effect of age on telomere length in chicks when
controlling for individual and plate (F72s535 = 1.011, p = .423).

Discussion

The role of telomere dynamics in mediating aging and stress-related fitness consequences

has been a subject of increasing interest in recent years, but most studies consider only telomeres
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in blood cells. In order to broaden our understanding of telomere dynamics in general and open
the doors to exploring the relationship between germ line telomere dynamics and offspring early
life telomere dynamics, this study measured blood and sperm telomeres, stress sensitivity, and
nestling telomeres in a free-living population of house sparrows.

In the first report of sperm telomere length in birds, we found that within individuals,
sperm telomeres were longer than blood telomeres, but the two were positively correlated.
Contrary to findings in humans, this suggests that sperm and blood telomere length both decline
with age in birds. That sperm telomere length exceeds blood telomere length may be related to
the upregulated expression of telomerase in gonads, which could be investigated by measuring
the within-individual relationship between testicular telomerase expression and sperm telomere
length. Another possibility is that sperm telomeres are protected by gonadal dormancy for much
of the year; during testicular regression, apoptosis of Sertoli and Leydig cells increases
dramatically, and spermatogenesis is suppressed in the remaining spermatogonial stem cells
(Young and Nelson 2001). Developing sperm are also subject to high rates of apoptosis during
the breeding season, and those that have suffered oxidative damage may be targeted for
destruction (Allen et al. 1987; Yin et al. 1998; Young and Nelson 2001).

Sperm telomere length varied across the season, and this variation differed between the
two years of collection. The season by year effect is noticeable in Figure 9 as captures in 2014
were all after the first hatch and within a much shorter date range than 2016, but sperm telomere
length increased across this period. Interestingly, the first wave of captures in 2016, which were
mostly free captures (mist netted), shows a similar trend of increasing telomere length with date
as in 2014. The second group of captures in 2016 were mostly targeted (nest box trapped), and

this is where the decline in sperm telomere length with date is evident. While correcting for date
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by using day of year relative to the population’s first hatch does not ameliorate the season by
year effect, it may be suggestive of a switch in sperm telomere dynamics with a change in
breeding stage; targeted birds later in the 2016 season were known to have nestlings or eggs,
while the free trapped birds (including all of 2014 captures) might not have been committed to
parental care yet. Additionally, the nest boxes were newly installed in 2014 and a majority were
unused. This potentially selected for younger or less desirable males being active in the vicinity
of the boxes while trying to secure last-minute mates, shifting our view of sperm telomere length
to those birds that were delayed in breeding compared to the general farm population. Finally,
the weather was markedly different between the two years, which might have impacted the birds
in numerous ways, from food availability and weather-related deaths to shifting onset of
breeding (Marshall 1949; Wingfield and Kenagy 1991). In any case, it is clear that sperm
telomere length is variable between individuals and across time (cross-sectionally). This supports
the idea that sperm telomeres are sensitive to organismal or environmental factors, though to
what degree sperm telomeres are damaged or protected remains an open question.

Blood telomere length did not show the same patterns of variation across the season or
between years, but it was positively related to body condition. A similar result was found in
young penguins, where lightweight individuals had had higher oxidative damage and shorter
telomeres as compared to heavy birds (Geiger et al. 2012). Body condition is often used as an
indicator of individual quality and may provide a longer-term view of individual ability to cope
with adversity. Lighter birds may have higher oxidative stress leading to greater telomere
attrition in a tradeoff between current and future survival.

Sperm telomere length was not related to baseline or stress-induced CORT levels in our

population, but it is hard to interpret how this snapshot view relates to past stress exposure or

39



individual capacity for stress resistance. Longitudinal studies of sperm telomere dynamics, stress
sensitivity, and oxidative load are needed to elucidate the relationship between stress and sperm
telomere dynamics.

We found no evidence of a link between paternal telomere length and offspring early life
telomere dynamics. Unfortunately, we had a small sample size of nests with paternal samples
and feel that this question deserves further consideration. Human studies indicate that sperm
telomere length is positively related to both offspring telomere length and zygote quality, while
the relationship between parental and offspring blood telomere length in birds is unclear (Kimura
et al. 2008; Asghar et al. 2014; Atema et al. 2015; Reichert et al. 2015; Yang et al. 2015). In light
of the positive relationship between blood and sperm telomere length within individuals found
here, future work would be enhanced by focusing on known-age individuals to uncover the
relationship between paternal age, sperm telomere length, and offspring early life telomere
length.
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CHAPTER 4: NO EFFECT OF ACUTE IMMUNE CHALLENGE ON SPERM
TELOMERE DYNAMICS IN CAPTIVE HOUSE SPARROWS
Abstract
Exposure to stressful events, including immune activation, is known to accelerate
telomere loss in birds, likely due to increased oxidative damage. Stress experience in the parental
generation may also impact telomere length in offspring, and one potential mechanism is direct
transfer of gamete telomeres. However, little is known about the sensitivity of sperm telomeres
to organismal stress exposure. In this study, we found that sperm telomere dynamics was not
impacted by acute immune activation by exposure to LPS at short (24- and 48-hour) or moderate
(14-day) time scales. We also found that sperm telomere length is weakly repeatable across the
same time scales, while erythrocyte telomere length is highly repeatable across a relatively long
period in a short-lived bird (6 months). This suggests that sperm telomere length is susceptible to
change over a relatively short period, and sperm telomere loss may occur in response to
organismal stress that is severe enough to overcome any sperm-protective mechanisms.
Introduction
Exposure to stressors can have lifelong fitness consequences, including accelerated aging

and reduced longevity (Monaghan and Haussmann 2006; Monaghan et al. 2012; Monaghan
2014; Asghar et al. 2015). Although the causes of aging are not fully resolved, telomere
dynamics (length and loss rate) is a potentially critical mechanism underlying longevity and
therefore fitness (Monaghan 2010; Monaghan 2014). In support of this, early life telomere length
is predictive of longevity in birds (Heidinger et al. 2012), but little is known about the

inheritance of telomere length.
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Correlational studies in humans have found relationships between parental and offspring
telomere length, and between offspring telomere length and parental age at conception (Njajou et
al. 2007; Kimura et al. 2008; Nordfjill et al. 2010; Eisenberg et al. 2012; Monaghan 2014). In
humans, these relationships may be stronger between fathers and children than between mothers
and children (Nordfjéll et al. 2010). In birds, there is some evidence for maternal inheritance of
telomere length, but it is unclear whether paternal effects also influence early life telomere
dynamics (Horn et al. 2011; Asghar et al. 2014; Atema et al. 2015; Reichert et al. 2015).

One mechanism that could potentially contribute to telomere length inheritance is the
direct transfer of gamete telomeres to zygotes (Graakjaer et al. 2004; Baird et al. 2006;
Monaghan 2010). Telomere length in the germ line is maintained by the enzyme telomerase,
which is upregulated throughout life in the gonads in birds (Monaghan and Haussmann 2006;
Haussmann et al. 2007; Liu et al. 2007). In spite of this, germ line telomere length can change
over time, and this variation has the potential to influence offspring telomere length (Kimura et
al. 2008; Monaghan 2010; Ferlin et al. 2013).

Telomere loss occurs constantly throughout life due to accumulating oxidative damage
and, to a lesser extent, normal DNA replication (Monaghan 2014; Zhao et al. 2014; Haussmann
and Heidinger 2015). Stress exposure has been shown to accelerate telomere loss and negatively
impact longevity, and the effects of stress can even be transmitted to offspring and further
removed generations (Epel et al. 2004; Monaghan 2014; Haussmann and Heidinger 2015). This
accelerated telomere loss is likely caused by increased oxidative damage in response to survival-
promoting processes such as activation of the immune system and the stress axis (Monaghan

2014; Asghar et al. 2015; Haussmann and Heidinger 2015).
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Activation of the immune system is a challenge experienced by many animals in the wild,
which incurs costs similar to those observed during activation of the stress axis, including
increased oxidative stress, increased metabolic rate, and energetic trade-offs (Norris and Evans
2000; Bonneaud et al. 2003; Needham et al. 2017). Like other stressors used in studies of
telomere dynamics (including exogenous corticosterone, food restriction, handling, and increased
reproductive effort), pathogen exposure can lead to telomere attrition in wild birds (Monaghan
and Haussmann 2006; Beaulieu et al. 2011; Heidinger et al. 2012; Monaghan et al. 2012;
Herborn et al. 2014; Asghar et al. 2015).

Gonadal tissue expresses telomerase throughout life in birds, whereas expression
decreases after development in bone marrow and other somatic tissues in short-lived birds
(Haussmann et al. 2007; Ferlin et al. 2013). Sperm are highly susceptible to oxidative damage,
but this upregulated telomerase expression in the highly proliferative gonad may protect gamete
telomeres against damage during times of increased oxidative stress, and telomerase expression
may even increase in response to stress (Almbro et al. 2011; Losdat et al. 2011; Haussmann and
Heidinger 2015). Additionally, gametes with short telomeres may be subject to selective
destruction, so that telomere attrition during spermatogenesis could lead to no observed effect on
telomere length in ejaculated sperm, or even an observed increase in mean telomere length
(Kimura et al. 2008; Eisenberg et al. 2012; Ferlin et al. 2013). However, it is unclear to what
degree these mechanisms could buffer the effects of stress on sperm telomeres.

Multiple pathways may mediate the transfer of the effects of stress to offspring, including
direct (inheritance of germ line telomeres) and indirect pathways (such as parental care;
Haussmann and Heidinger 2015). If exposure to stressors affects gamete telomere length, these

effects could directly impact offspring telomere length at fertilization. Stress exposure may
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influence telomeres in the male germ line at various time scales including: with age (long-term),
during spermatogenesis (short-term), and near sperm maturation (very short-term).

To evaluate the potential transfer of paternal stress effects to offspring telomere dynamics
via direct effects of sperm telomeres, we first need to understand the sensitivity of sperm
telomere dynamics to organismal stress exposure. Sperm telomeres are likely to be sensitive to
change on a shorter time scale than the telomeres of red blood cells because they are generated
rapidly and have a high turnover rate (Rodnan et al. 1956; Amir et al. 1973).

We examined the effects of stress exposure on sperm telomere dynamics by exposing
captive birds to acute, transient immune activation. While it was unclear whether we would
observe attrition in sperm telomeres following a transient challenge, we predicted that acute
attrition would not be observed at all sampling points, as sperm may be more sensitive to DNA
damage at certain developmental points (i.e. spermatocytes vs. spermatids vs. mature
spermatozoa). We also measured the repeatability of telomere length in both sperm and red
blood cells.

We exposed captive male house sparrows (Passer domesticus) to a simulated immune
challenge by injection with lipopolysaccharide (LPS). LPS is a component of the cell membrane
of gram-negative bacteria that is targeted by the vertebrate immune system, leading to activation
of the acute phase immune response without actual pathogen exposure (Dunn and Wang 1995;
Turnbull et al. 1998; Bonneaud et al. 2003). In birds, LPS exposure induces increased oxidative
stress and multiple sickness responses, including hyper- or hypothermia, anorexia, and
behavioral changes (Kelley et al. 2003; Dantzer and Kelley 2007; Costantini 2008; Needham et
al. 2017). In house sparrows specifically, LPS exposure has been shown to activate the acute

phase immune response and stress-induced levels of corticosterone, and sustained captivity both
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increased the immune response and decreased clearance rate of the endotoxin (Lee et al. 2005;
Martin et al. 2011).

Methods
Study subjects

Mist nets and potter traps were used to capture 14 adult male house sparrows around
Fargo, ND in October 2014. Birds were individually housed in 23.5-inch x 15.5-inch wire cages
in one room at North Dakota State University for 6 months. Each cage was visually isolated
using opaque plastic barriers on the sides and top. Food (Kaytee Supreme mixed seed for
finches), water, and blue grit were provided ad libitum, and vitamin water was provided once per
month (€COTRITION Pro Ultra-Care Vita-Sol for caged birds).

Following capture, birds were kept on a short-day light cycle of 8L:16D for eight weeks
to ensure photosensitivity (King and Farner 1963; Farner et al. 1966). The light cycle was then
changed to long-day (16L:8D) to photostimulate the birds and trigger gonadal recrudescence
(King and Farner 1963; Murton et al. 1970; Small et al. 2007). During the breeding season in
Fargo, ND, free-living sparrows experience a maximal day length of 15 hours and 53 minutes,
closely matching the experimental long-day light cycle (U.S. Naval Observatory). The room
temperature was maintained between 22.2-23.9 °C for the duration of captivity. Animal care and
experimental procedures were approved by the IACUC at North Dakota State University
(#A14044).

Immune challenge

Birds were randomly assigned to either experimental or control treatment upon capture.

In February 2015, experimental males (n = 7) received a 2.0 mg/kg intramuscular injection of

lipopolysaccharide (LPS, from E. coli 055:B5, Sigma #L.2880) diluted in PBS (Adelman et al.
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2010; Skold-Chiriac et al. 2014). Control males received an equal mass-calculated volume
injection of 1x phosphate-buffered saline (PBS). All injections were given immediately
following baseline semen collection (see below).

Blood and semen sampling

Upon initial capture and again at the end of the study, approximately 100 puL blood
samples were collected from the brachial vein into heparinized micro-hematocrit tubes. Blood
samples were stored on ice for less than 1 hour, centrifuged, separated into plasma and red blood
cell fractions, and frozen at -80 °C until DNA extraction.

Semen samples were collected at 4 time points throughout the study: immediately prior to
the experimental injection, and post-treatment at 24 hours, 48 hours, and 14 days. These post-
treatment sampling points were chosen to capture potential effects on telomeres of mature sperm
(replaced every 24 hours) and during early (14 day sample) and late (48 hour sample)
spermatogenesis, which is thought to take 11-13 days in birds (Amir et al. 1973; de Reviers
1975; Lin and Jones 1992). Sperm samples were collected using cloacal massage (Wolfson 1952;
Kucera and Heidinger 2018). Ejaculated semen was collected in 5 pL non-heparinized capillary
tubes (Wheaton, Millville, NJ, USA, product #851321), and each semen sample was
immediately diluted into 20 pL of 1x PBS and stored on ice for less than 10 minutes until frozen
and stored at -80 °C.

Measurement of telomeres

DNA was extracted from red blood cells using commercially available extraction kits

(Macherey-Nagel NucleoSpin Blood #740951) and following manufacturer protocol. DNA was

extracted from whole diluted semen samples using commercially available extraction kits with
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modifications, following Kucera and Heidinger (2018). After extraction, DNA concentration and
purity were assessed with a Nanodrop 8000 spectrophotometer (Thermo Scientific).

Relative telomere length was measured using quantitative PCR on a Strategene Mx3000P
as described in Cawthon (2002) and modified for use in house sparrows. The relative telomere
length of samples was calculated as the ratio (T/S) between telomere repeat copy number (T) and
single copy control gene number (S) relative to the reference sample. Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) was used as the single copy control gene. The telomere
forward and reverse primers used were: Tel 1B (5'-
CGGTTTGTTTGGGTTTGGGTTTGGGTTTGGGTTTGGGTT-3’), Tel2b (5'-
GGCTTGCCTTACCCTTACCCTTACCCTTACCCTTACCCT-3'). Zebra finch GAPDH
primers were used to amplify the control gene: GAPDH-F (5°-
AACCAGCCAAGTACGATGACAT-3"), GAPDH-R (5’CCATCAGCAGCAGCCTTCA-3").
The telomere and GAPDH reactions were run on separate plates, and the number of PCR cycles
(Cy) required for the products to accumulate enough fluorescence to cross a threshold was
determined each time. Samples with relatively low C; values had longer telomeres than those
with relatively high C; values. All samples were run in triplicate, and average values were used
to determine the T/S ratio using the following formula: 24t where AAC; = (C{¢l° — CGAPPH)
reference - (C¢¢l° — COAPPH) (Agilent Technologies 2012).

The efficiency of each reaction was measured by including on each plate a standard curve
produced by serial dilution of a reference sample. This sample was a pool of DNA from several
female house sparrows collected in 2014. In all cases, plate efficiencies were within the accepted

range of 100 + 15%, and samples fell within the bounds of the standard curve. Intra-plate
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variation of Ct for GAPDH and telomere plates were 1.18% and 1.78% respectively, and inter-
plate variation of ACt was 18.7%.
Statistical analysis

All T/S ratios were natural log transformed to ensure normality. Linear mixed-effects
models were conducted in SPSS (IBM SPSS 23) to examine the relationship between sperm and
blood telomere dynamics, treatment, and sampling time point. Bird identity was included as a
random effect to control for repeated measures, and blood and sperm sampling time point and
treatment were included as fixed effects. A linear mixed-effects model was used to test the
relationship between blood and sperm telomere length with telomere length as the dependent
variable, tissue as a fixed effect, and bird as a random effect. Repeatability estimates for telomere
length within tissues were calculated using the rptR package in R 3.4.2.

Results

Telomere dynamics

There were no significant effects of treatment, time point, or treatment by time point on
sperm telomere length (treatment: F1 4720 =.169, p = .682; time point: F3 47 =.729, p = .154;
interaction: F347 =.001, p =.605, Figure 10). Within individuals, pre-treatment blood telomere
length and sperm telomere length were positively correlated (R? = 0.42, p =.012, Figure 11). On
average, an individual’s sperm telomeres were not significantly different in length from his blood

telomeres (F3377=2.4, p =.083).
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Figure 10. Sperm telomere length (mean and SEM) collected at four time points. LPS (n =7,

red) or vehicle (n = 7, blue) was injected into each bird immediately after semen collection at
time point 0.
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Figure 11. Relationship between blood and sperm relative telomere length (T/S ratio from
gPCR) in captive house sparrows (n = 14, R = .42, p=.012).
Repeatability of telomere length

Within individuals, blood telomere length was highly repeatable (» = 0.797, p =.0002)
between 2 samples taken 6 months apart. Sperm telomere length was weakly repeatable (r =
0.223, p =.048) between 4 samples taken across a 14-day period.

Discussion

Exposure to stressful events, including immune activation, is known to accelerate

telomere loss in birds, likely due to increased oxidative damage (Costantini et al. 2011;

Monaghan 2014). Stress experience in the parental generation may also impact telomere length

in offspring, and one potential mechanism is direct transfer of gamete telomeres (Graakjaer et al.
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2004; Baird et al. 2006; Monaghan 2010). However, little is known about the sensitivity of
sperm telomeres to organismal stress exposure. In this study, we found that sperm telomere
dynamics was not impacted by acute immune activation by exposure to LPS at short (24- and 48-
hour) or moderate (14-day) time scales. We also found that sperm telomere length is weakly
repeatable across the same time scales, while erythrocyte telomere length is highly repeatable
across a relatively long period in a short-lived bird (6 months).

In testing the sensitivity of sperm telomeres in response to acute immune activation, we
found no relationship between sperm telomere dynamics and treatment, time point, or the
interaction thereof. These birds did display patterns of acute phase immune response, including
hypothermia and reduced circulating testosterone after LPS injection (see Needham et al. 2017),
and previous studies have found that LPS causes acute phase response and increased metabolic
rate in house sparrows (Martin et al. 2011; King and Swanson 2013). It is unclear whether
hypothermia, like hyperthermia (fever response), is an adaptive component of immune
activation, but house sparrows and other small passerines also display hypothermia in response
to LPS (Owen-Ashley et al. 2006; Owen-Ashley and Wingfield 2007; King and Swanson 2013).
Additionally, systemic hypothermia may protect the testes from heat damage when birds are
exposed to immune challenges during the breeding season, especially given that avian testes do
not have a mechanism for specialized temperature regulation like mammalian (external) testes
(Waites 2012).

Considering the prevalence of hypothermia in small passerines, it seems likely that our
sparrows did mount an immune response to LPS injection complete with upregulated metabolic
rate, and therefore, increased oxidative stress. The fact that sperm telomere dynamics was not

impacted by immune activation at any measured time point suggests that either sperm are

57



protected or that this acute challenge was not strong enough to induce a trade-off. If there are
protective mechanisms to mitigate the effects of oxidative damage on gametes, they may include
upregulated telomerase expression in the gonads (and potentially greater upregulation in
response to stress) and selective destruction of sperm with short telomeres. Birds are frequently
exposed to situations requiring acute activation of stress response or immune response during the
breeding season, leading to a tradeoff between reproduction and survival (Wingfield and
Sapolsky 2003). Resistance to stress during the breeding season (i.e. allocating resources toward
reproduction) is often critical to reproductive success in passerines, which have short breeding
seasons and short lifespans (Richner and Tripet 1999; Ardia 2005; Clark and Martin 2007). Our
results may be consistent with house sparrows favoring protection of sperm in response to stress
when testes are active in order to maximize lifetime reproductive success.

Alternatively, exposure to LPS may have been a mild enough stressor that the birds were
able to cope with mounting a transient immune response at no cost to normal functions. Captivity
is already stressful to house sparrows, and the additional challenge of immune activation may
have been too minor to cause a noticeable difference in sperm telomere length between treatment
and control individuals (Martin et al. 2011). Additionally, house sparrows are known to
experience fewer costs of immune challenge compared to a non-invasive congener, indicating
that they may be more resistant overall to stress or immune activation (Lee et al. 2005). In this
case, birds were fed ad lib. and received a vitamin supplement, and may have had high enough
antioxidant capacity that it was not overcome by an increase in reactive oxygen species due to
LPS (Almbro et al. 2011). Indeed, LPS treatment also had no impact on sperm quality in these

birds (see Needham et al. 2017), supporting the idea that the treatment was not severe enough to
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induce oxidative damage, especially during the reproductive season when resources are heavily
allocated toward breeding.

To our knowledge, this is the first test of the impacts of acute stress exposure on sperm
telomere dynamics in an animal. Further studies will be necessary to shape our understanding of
the sensitivity of sperm telomere dynamics to organismal stress. Sperm are sensitive to damage,
and may be sensitive to organismal stress on a shorter time scale than other cells due to their
rapid generation and high turnover rate (Rodnan et al. 1956; Amir et al. 1973; Almbro et al.
2011; Losdat et al. 2011; Haussmann and Heidinger 2015). We found weak repeatability of
sperm telomere length across a 14-day period, as compared to highly repeatable telomere length
in red blood cells across a 6-month period. This suggests that sperm telomere length is
susceptible to change over a relatively short period, and sperm telomere loss may occur in
response to organismal stress that is severe enough to overcome any sperm-protective
mechanisms.

Interestingly, in this study we found that sperm telomere length was positively correlated
with blood telomere length within individuals, and that individuals’ pre-treatment sperm and
blood telomeres were not significantly different in length. In contrast, birds in our wild
population have significantly longer sperm telomeres than blood telomeres while maintaining the
positive correlation between the two (see Chapter 2). Sustained captivity is thought to be
stressful for house sparrows, so this alone may be an indication that chronic stress can lead to
sperm telomere degradation in birds; however, further investigation into this relationship is

necessary (Martin et al. 2011).
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CHAPTER 5: RELATIONSHIP BETWEEN TELOMERE LENGTHS IN SEVERAL
TISSUES AND CHRONIC STRESS EXPERIENCE IN CAPTIVE MALE HOUSE
SPARROWS
Abstract

Dysregulation of the HPA axis is a principle feature of chronic stress in animals, and is
expected to accelerate telomere loss in birds, likely due to increased oxidative damage. Telomere
length is most often measured in the blood, and little is known about telomere length across
tissues in birds, particularly in relation to chronic stress exposure. The impact of chronic stress
experience on sperm telomere length are of particular interest as direct transfer of gamete
telomeres may be a mechanism of telomere length inheritance. We exposed captive male house
sparrows to daily rotating stressors to induce chronic stress. We measured telomeres in five
tissues; within individuals, blood telomeres were longest, organ telomeres were shortest, and
sperm telomere length was intermediate. Fewer birds in the stress treatment produced semen, but
telomere length did not differ between treatments in any tissue measured. Independent of
treatment, birds with more depressed baseline CORT midway through captivity experienced
greater blood telomere loss. The results of this study suggest that chronic stress is associated with
telomere attrition in adult house sparrows.

Introduction

The stress response is an adaptive physiological mechanism that allows animals to
survive acute threats and restore homeostasis (Sapolsky et al. 2000). Much of this response is
orchestrated by the hypothalamic-pituitary-adrenal axis (HPA axis) and its rapid elevation of
circulating corticosterone (CORT) in response to stressful stimuli (Wingfield et al. 1998;

Sapolsky et al. 2000). In a typical avian acute stress response, elevation of CORT begins within
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minutes of stressor exposure, and negative feedback at the hypothalamus and pituitary slowly
reduce circulating glucocorticoids to baseline after reaching maximal levels within an hour
(Romero and Romero 2002). Dysregulation of the HPA axis can occur when stressors are
frequent or prolonged; when this occurs, the animal is said to be experiencing chronic stress
(Rich and Romero 2005; Miller et al. 2007). This dysregulation of the HPA axis can manifest as
either depressed or elevated CORT (baseline, stress-induced, and negative feedback), and may
depend on stressor type and timing in relation to stressor onset (Breuner et al. 1999; Clinchy et
al. 2004; Rich and Romero 2005; Miller et al. 2007; Dickens et al. 2009).

The consequences of chronic stress can persist long after exposure to the stressor, and can
include accelerated aging and reduced longevity (Monaghan and Haussmann 2006; Miller et al.
2007; Monaghan et al. 2012; Monaghan 2014; Asghar et al. 2015; Hau et al. 2015). Although the
causes of aging are not fully resolved, telomere dynamics (length and loss rate) is a potentially
critical mechanism underlying longevity and therefore fitness (Monaghan 2010; Monaghan
2014).

Telomere loss occurs throughout life due to accumulating oxidative damage and normal
DNA replication (Monaghan 2014; Zhao et al. 2014; Haussmann and Heidinger 2015). Stress
exposure has been shown to accelerate telomere loss and reduce longevity (Epel et al. 2004;
Monaghan 2014; Hau et al. 2015). The prevailing explanation for the link between chronic stress
and accelerated telomere loss is based on the idea that HPA dysregulation usually involves
elevated baseline CORT and slower negative feedback; greater exposure to glucocorticoids leads
to increased oxidative damage (Costantini et al. 2011; Monaghan 2014). In cases where HPA
dysregulation causes depressed CORT, it has been proposed that this could be protective of

telomeres (Monaghan 2014). Alternatively, chronic stress with dampened CORT response is
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associated with inflammation in house sparrows, and inflammation is also associated with
increased oxidative damage; therefore, either type of HPA dysregulation may lead to accelerated
telomere loss and reduced longevity (Federico et al. 2007; Martin et al. 2011).

Telomere length is most commonly measured in blood (leukocytes in mammals,
erythrocytes in birds), as it is an easy tissue to sample noninvasively and has high cellular
turnover (Haussmann et al. 2007). In adult animals, telomere loss rate is expected to be higher in
highly proliferative tissues such as blood, gonads, and intestines, as compared to tissues with low
cell division such as skeletal muscle and liver (Haussmann et al. 2007; Schmidt et al. 2016). Few
studies have compared telomere length between tissues in birds, and in house sparrows it is
unknown whether telomere length is correlated between tissues (Schmidt et al. 2016).

Sperm telomere length is of particular interest as direct inheritance of germ line telomeres
is one hypothesized pathway of telomere inheritance (Haussmann and Heidinger 2015). Gonadal
tissue is highly proliferative and also expresses telomerase throughout life in short-lived birds
(Haussmann et al. 2007). Sperm are highly susceptible to oxidative damage, but upregulated
telomerase expression in the gonad may protect gamete telomeres against damage caused by
increased oxidative stress, such as during HPA dysregulation in chronic stress (Almbro et al.
2011; Losdat et al. 2011; Haussmann and Heidinger 2015).

We exposed captive adult male house sparrows to daily rotating stressors to address the
following questions: 1) Is telomere length between tissues correlated within individuals? 2) Does
chronic stress lead to blood telomere loss or tissue-specific differences in telomere length? 3)
Does chronic stress during the non-reproductive season impact sperm telomere length after
gonadal recrudescence? Based on the extremely limited number of previous studies, we

predicted low correlation between telomere length in blood and non-proliferative tissues (liver,
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skeletal muscle, heart), and a positive correlation between telomere length in blood and sperm
(Schmidt et al. 2016; Chapters 3 and 4). Additionally, we expected chronic stress to have a
greater impact on telomere length in proliferative tissues as compared to non-proliferative
tissues. However, it is unclear to what degree sperm telomeres could be buffered against the
consequences of stress by mechanisms such as high telomerase expression and selective
destruction of low-quality sperm (Haussmann et al. 2007; Kimura et al. 2008; Eisenberg et al.
2012).

Methods
Study subjects

Mist nets were used to capture 30 adult male house sparrows around Fargo, ND in early
2017. Males were individually housed in wire cages (23 wide x 16” deep x 16” tall) on racks in
two rooms at North Dakota State University. All cages were visually and acoustically open to the
other birds in the room, and the male cage racks were positioned about 3 feet apart with a
centrally located cage stand housing 4 females, which were visible to all males. Food (Kaytee
supreme mixed seed for finches), water, and cuttlebones were provided ad libitium, and
supplemental food (broccoli, baby spinach, peas and carrots, or Quicko Classic Egg Food) was
provided once per week.

Following capture, the bird rooms were kept on a short-day light cycle of 8L:16D to keep
the birds in non-reproductive condition (gonadally regressed) throughout the first treatment
period. At the end of the chronic stress phase of captivity, the light cycle was changed to a long-
day cycle of 16L:8D to photostimulate the birds and trigger gonadal recrudescence (King and
Farner 1963; Small et al. 2007). During the breeding season in Fargo, ND, free-living sparrows

experience a maximal day length of 15 hours and 52 minutes, closely matching the experimental
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long-day light cycle (U.S. Naval Observatory). The room temperature was maintained between
21-23 °C for the duration of captivity. Animal care and experimental procedures were approved
by the IACUC at North Dakota State University (#A17035).
Chronic stress treatment

Birds were randomly assigned to either experimental or control treatment upon capture (n
= 15 males per treatment). One week after the last bird was captured, the chronic stress protocol
was initiated (Figure 12). During the chronic stress phase, the birds in the stress room were
exposed to one of five stressors daily, applied in a randomly generated order and at a random
time each day between the hours of 10am and 10pm. Each stressor was applied for 30 minutes.
At the same time as the initiation of the stressor each day, the control room received a non-
treatment protocol of opening and immediately closing the door without entry. The five
experimental stressors were selected to mimic stressful events that house sparrows might be

exposed to in the wild.

Stress phase begins Stress phase ends Euthanasia
Week 1 Week 27 Week 34

Figure 12. Timeline of chronic stress experiment in adult male house sparrows. The shaded box
represents short-day light cycle and the white box represents long-day light cycle.

The five stressors were a live avian predator (common kestrel, Falco tinnunculus), a live
feline predator (domestic cat, Felis catus), a mounted avian predator (merlin, Falco

columbarius), loud radio (to represent anthropogenic acoustic disturbance), and rattling and
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shaking of the cage racks (to represent physical disturbances such as high winds or
movement/rattling of nest cavity). The live predators were presented twice as often as the other
three stressors; on average, birds experienced each live predator twice per week, and each of the
other stressors once per week. During each live predator presentation, the predator was allowed
to move around the room and get very close to the cages. The cat roamed the room and
vocalized, climbed the cage racks, and stared at the caged sparrows from close distances. The
kestrel flew across the room, wing flared at the sparrows, stared at the caged sparrows from close
distances, and ate whole dead mice in view of the sparrows. The chronic stress phase lasted 27
weeks, after which both rooms received maintenance care only as they adjusted to the long-day
light cycle and came into reproductive condition.
Blood and semen sampling

Blood was collected several times for telomere measurement and quantification of
plasma CORT. At each blood sampling event approximately 75 uL of whole blood was collected
via brachial venipuncture into heparinized micro-hematocrit tubes. The blood was stored on ice
for up to 2 hours, centrifuged, separated into plasma and red blood cell fractions, and frozen at -
80 °C until hormone measurement. All baseline samples were collected less than 3 minutes after
opening the door to the bird room.

An initial blood sample was collected from each individual upon capture (sample 1).
Prior to the initiation of the chronic stress phase of captivity, after all birds had been in captivity
at least one week, a blood sample was collected from each male to serve as baseline for pre-
treatment telomere length and CORT (sample 2; Figure 12). Two further samples were collected,

7 weeks into the chronic stress phase (sample 3) and at euthanasia (after semen collection;
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sample 4). Telomere lengths were compared between samples 2 and 4 to measure change in
telomere length across the experiment.

Semen was collected by cloacal massage after the birds had been on long-day light cycle
for 6 weeks (Wolfson 1952; Kucera and Heidinger 2018). At this time, all birds in the control
treatment had recrudesced gonads and were producing semen. Semen samples were collected
into heparinized micro-hematocrit tubes and immediately diluted into 20 uL. of 1x PBS. These
samples were stored on ice for up to an hour, then stored at -80 °C until DNA extraction. Due to
euthanasia of 4 birds during the experiment for health reasons, at semen collection each
treatment contained 13 birds. Of these, 100% of the control group produced semen while 70% of
the stress birds produced semen.

Organ collection

All birds were euthanized a week after semen collection (34 weeks after onset of the
chronic stress phase, 7 weeks after the end of chronic stress and start of the long-day light cycle).
The following tissues were dissected and immediately frozen on dry ice: left pectoralis muscle,
heart, and right lobe of liver.

Measurement of telomeres

DNA was extracted from red blood cells and organs using commercially available
extraction kits (Macherey-Nagel NucleoSpin Blood #740951, Macherey-Nagel NucleoSpin
Tissue #740952) and following manufacturer protocol. DNA was extracted from whole diluted
semen samples using commercially available extraction kits with modifications, following
Kucera and Heidinger (2018). After extraction, DNA concentration and purity were assessed

with a Nanodrop 8000 spectrophotometer (Thermo Scientific).
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Relative telomere length was measured using quantitative PCR on a Strategene Mx3000P
as described in Cawthon (2002) and modified for use in house sparrows. The relative telomere
length of samples was calculated as the ratio (T/S) between telomere repeat copy number (T) and
single copy control gene number (S) relative to the reference sample. Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) was used as the single copy control gene. The telomere
forward and reverse primers used were: Tel 1B (5'-
CGGTTTGTTTGGGTTTGGGTTTGGGTTTGGGTTTGGGTT-3’), Tel2b (5'-
GGCTTGCCTTACCCTTACCCTTACCCTTACCCTTACCCT-3'). Zebra finch GAPDH
primers were used to amplify the control gene: GAPDH-F (5°-
AACCAGCCAAGTACGATGACAT-3"), GAPDH-R (5’CCATCAGCAGCAGCCTTCA-3").
The telomere and GAPDH reactions were run on separate plates, and the number of PCR cycles
(Cy) required for the products to accumulate enough fluorescence to cross a threshold was
determined each time. Samples with relatively low C; values had longer telomeres than those
with relatively high C; values. All samples were run in triplicate, and average values were used
to determine the T/S ratio using the following formula: 24t where AAC; = (C{¢° — CGAPPH)
reference - (C¢¢l° — COAPPH) (Agilent Technologies 2012).

The efficiency of each reaction was measured by including on each plate a standard curve
produced by serial dilution of a reference sample. This sample was a pool of DNA from several
female house sparrows collected in 2014. In all cases, plate efficiencies were within the accepted
range of 100 £ 15%, and samples fell within the bounds of the standard curve. Intra-plate
variation of Ct for GAPDH and telomere plates were 0.51% and 0.71% respectively, and inter-

plate variation of ACt was 6.03%.

74



Hormone quantification

A commercially available CORT enzyme immunoassay kit (Enzo Life Sciences ADI-
901-097) was used for CORT analysis following a protocol previously validated in house
sparrows (Kuhlman and Martin 2010; Martin et al. 2011). Briefly, 5 uL of 10% steroid
displacement buffer was added to 5 pL of each plasma sample, 240 uL of assay buffer was
added, and the sample mixture was aliquoted in duplicate to the assay plate. A standard curve
ranging from 32 — 200,000 pg/ml was aliquoted in triplicate. All wells were incubated with
conjugated CORT and antibody on a shaker, wells were washed, and substrate was added before
a second incubation. Stop solution was added, and the plate was read at 405 nm (corrected at 580
nm per manufacturer’s recommendation). Inter- and intra-assay variation were 8.07% and 2.43%
respectively.
Statistical analysis

To ensure normality, all T/S ratios and CORT values were natural log-transformed. We
used independent samples t-tests to determine whether telomere length or change in mass
differed between treatments. We used linear mixed models to test for relationships between
telomere length and loss, mass, and baseline CORT. Pearson correlations were used to assess
correlations in telomere length between tissues.

Mixed model for baseline CORT between pre-experiment and mid-experiment samples:
CORT was the dependent variable, with treatment and time point as fixed effects, and bird as a
random effect to control for repeated measures. Mixed model for relationship between blood
telomere length and mass: telomere length at sample 4 was the dependent variable, with change
in mass and telomere length at sample 2 as fixed effects, and plate and bird as random effects.

Mixed model for relationship between sperm telomere length, change in blood telomere length,
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and change in mass: sperm telomere length was the dependent variable, with change in blood
telomere length and change in mass as fixed effects, and plate and bird as random effects. Mixed
model for relationship between change in blood telomere length and baseline CORT: change in
blood telomere length was the dependent variable, with mid-experiment baseline CORT as a
fixed effect, and pre-experiment baseline CORT and plate as random effects. Mixed model for
relationship between sperm telomere length and baseline CORT: sperm telomere length was the
dependent variable, with mid-experiment baseline CORT as a fixed effect, and pre-experiment
baseline CORT and plate as random effects. Mixed model for telomere length by tissue type:
telomere length was the dependent variable, with tissue and mid-experiment baseline CORT as
fixed effects, and bird as a random effect.
Results

Baseline CORT was lower in the mid-experiment sample than prior to beginning the
chronic stress protocol (Fi,22.66 = 8.86, p =.007), but was not influenced by treatment (F1,23.53 =
.194, p = .664). Birds in the stress treatment lost more mass than birds in the control treatment (p
<.001). Change in telomere length between samples 2 and 4, sperm telomere length, heart
telomere length, liver telomere length, and pectoralis telomere length did not differ between
treatments. Within individuals, blood and sperm telomere length were positively correlated (r =
.53, p=.016), blood and heart telomere length were positively correlated (r = .47, p =.026), and

no other tissues were correlated (Table 2).
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Table 2.  Correlations between telomere lengths in blood, sperm, heart, liver, and pectoralis
muscle in adult male house sparrows in captivity.
Tissue Sperm Liver Heart Pectoralis
Blood r=0.53 r=0.34 r=0.47 r=-0.38
p=.016 p=.11 p =.026 p=.079
Sperm r=20.03 r=0.38 r=0.04
p=.91 p=.11 p=.88
Liver r=-0.13 r=.18
p=.59 p=.44
Heart r=-0.29
p=.21

P-values below 0.05 are indicated in bold.

Terminal blood telomere length (sample 4) was not related to change in mass, but was
significantly related to an individual’s telomere length at sample 2 (F122.99 = 8.89, p=.007), such
that birds with longer telomeres at the start of the experiment also had longer telomeres at the
end. Sperm telomere length was not related to an individual’s change in blood telomere length or
change in mass. Change in blood telomere length was related to mid-experiment baseline CORT
(F1,1425 = 8.87, p =.01) such that birds with lower baseline CORT experienced greater telomere
loss. There was no relationship between sperm telomere length and baseline CORT. Within
individuals, telomere length was significantly shorter in heart, pectoralis, and liver as compared
to blood, and sperm telomere length was intermediate to blood and the other three tissues (Fs4.37
=58.99, p <.0001; Figure 13, Blood = A, sperm = B, liver heart pec = C), but telomere length

between tissues was not related to baseline CORT (Fi13536 = .18, p =.67).
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Figure 13. Telomere length (£ SEM, reported as Ln[T/S ratio] measured by gPCR) in blood,
sperm, heart, liver, and pectoralis muscle of adult male house sparrows in captivity. Letters
indicate significant differences between tissues.

Discussion
Dysregulation of the HPA axis is a principle feature of chronic stress in animals, and is
expected to accelerate telomere loss in birds, likely due to increased oxidative damage. Telomere
length is most often measured in the blood, and little is known about telomere length across
tissues in birds, particularly in relation to chronic stress exposure. We are especially interested in
the impacts of chronic stress experience on sperm telomere length, as direct transfer of gamete

telomeres may be a mechanism of telomere length inheritance.
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We exposed captive male house sparrows to daily rotating stressors in an attempt to
induce chronic stress. Birds in the stress treatment lost significantly more mass than those in the
control treatment, but all birds showed evidence of HPA dysregulation independent of treatment
(depressed baseline CORT midway through captivity). These changes in mass and baseline
CORT suggest that all birds were experiencing chronic stress in response to captivity, but the
stress group may have been somewhat more stressed than the control group (Rich and Romero
2005). In support of this, only 70% of birds in the stress treatment produced semen, compared to
100% in the control treatment, suggesting a negative impact of chronic stress on reproduction.
Alternatively, both groups were experiencing chronic stress in response to captivity, but birds in
the stress treatment plastically adjusted their body mass in response to perceived high predation
risk (frequent live predator presence; Lima 1986; Rogers 1987; Gosler et al. 1995). House
sparrows seem to habituate poorly to captivity, and captivity alone is thought to be stressful for
this species (Kuhlman and Martin 2010; Martin et al. 2011).

Telomere length did not differ between treatments in any tissue measured. Independent of
treatment, birds with more depressed baseline CORT midway through captivity also experienced
greater telomere loss. This supports the idea that the rotating stressor treatment did not cause an
additional chronic stress load over the stress of captivity, but suggests that individual variation in
stress sensitivity may be associated with individual outcomes in telomere dynamics. On average,
blood telomeres did not significantly shorten across the experiment (8 months).

In a similar experiment, Hau et al. (2015) exposed adult Eurasian blackbirds (Turdus
merula) to repeated stressors and found accelerated blood telomere loss and increased oxidative
damaged compared to control birds. These blackbirds were hand-raised in captivity and exposed

to 4 lipopolysaccharide (LPS) injections and 120 rotating stressors (4 per day across 3 sets of 10
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days) across the span of a year (Hau et al. 2015). Our stressor protocol was less intense but more
consistent, with one daily rotating stressor occurring for 190 days, in comparison to Hau et al.
(2015) with more intense but sporadic rotating stressors. The key differences between these two
studies are in species and captivity status. While the blackbirds were hand-raised adults, our
house sparrows were captured as adults between one week and several weeks prior to the start of
the experiment. The finding of consistently elevated oxidative damaged in chronically stressed
blackbirds and accelerated telomere attrition suggests oxidative damage is involved in mediating
telomere loss in adult birds (Hau et al. 2015). While our birds were likely chronically stressed by
captivity, we did not measure oxidative damage or antioxidant capacity, which may have played
a role in individual variation in telomere loss.

Within individuals, we found that blood telomere length was significantly longer than
sperm telomere length, and both blood and sperm telomeres were longer than heart, liver, and
pectoralis telomeres. Blood telomere length was positively correlated with both sperm and heart
telomere length. In contrast, Reichert et al. (2013) found that pectoralis telomeres were
significantly longer than liver telomeres, but reported no other differences between the same
somatic tissues measured here. In those finches, several positive correlations were found between
tissues. Further, Schmidt and Heidinger (2016) found no significant differences in telomere
length between the same somatic tissues, or correlations between tissue-specific telomere length,
in juvenile Franklin’s gulls. While the discrepancies between these three results are somewhat
surprising, very little is currently known about how telomere lengths in different tissues are
correlated within individuals or how this may differ between species.

Telomeres in pectoralis muscle and liver tissue may be at greater risk of attrition during

chronic stress compared to other tissues. In house sparrows, glucocorticoid receptor expression
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increases in the pectoralis following chronic stress exposure, while this increase is not found in
another region of skeletal muscle (Lattin and Romero 2014). Glucocorticoid receptors bind
stress-induced CORT and stimulate proteolysis, which is catabolic muscle wasting that provides
free amino acids for gluconeogenesis (Lattin and Romero 2014). Proteolysis is associated with
elevated oxidative stress; therefore, chronic stress may lead to elevated oxidative damage and
telomere attrition particularly in pectoralis muscle in birds (Chalmeh et al. 2015). Liver tissue
may also be subject to elevated oxidative damage in response to stress as glycogenolysis occurs
primarily in the liver as an additional catabolic process to provide additional glucose (Siegel
1980). Additionally, a more tenuous link may exist for heart tissue: elevated heart rate is
associated with elevated oxidative stress, and enhanced heart rate and cardiovascular tone are
features of HPA activation (Sapolsky et al. 2000; Custodis et al. 2008; Cyr et al. 2009).

The results of this study suggest that chronic stress impacts blood telomere length but not
sperm telomere length. Individuals with the strongest depression of baseline CORT experienced
greater blood telomere loss, but sperm telomere length was not related to baseline CORT. Sperm
telomeres may be protected from the effects of stress by suppression of testicular recrudescence,
as only 70% of birds in the chronic stress treatment produced semen after six weeks of
photostimulation. House sparrows may not be the ideal species for studies of this nature, since
they are known to react negatively to captivity, and may also be more resistant to the
consequences of stress than other passerines (Helfenstein et al. 2010; Martin et al. 2011; King
and Swanson 2013).
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CHAPTER 6: SCARY CATS AND NERVOUS BIRDS: CORTICOSTERONE
RESPONSES TO LIVE PREDATOR PRESENCE IN CAPTIVE HOUSE SPARROWS
Abstract

The capture-restraint protocol is frequently used as a simple field measure to approximate
responsiveness to stressors in birds. As a standardized method, capture-restraint is very useful for
comparing between species, between studies, and for repeated measures of individuals across
time. However, few studies have considered the relationship between individual response to the
capture-restraint protocol and an ecologically-relevant stressor. How birds respond to different
stressors or different types of stressors has been the subject of very little attention. We measured
CORT response to three different stressor types (capture-restraint and two live predators). Here,
we show that individual CORT response to one predator is consistent across time, but response
varies by stressor type. This suggests that individual responses to stressors is context-dependent.

Introduction

Activation of the stress response is a critical mechanism by which vertebrates are able to
survive acute challenges. A major part of this response involves the hypothalamic-pituitary-
adrenal axis (HPA axis), activation of which causes a rapid elevation of circulating
glucocorticoid hormones from the adrenal glands, especially corticosterone (CORT) in birds
(Wingfield et al. 1998; Sapolsky et al. 2000). At baseline levels, CORT is involved in regulating
energy metabolism, feeding behavior, locomotion, and reproduction (Sapolsky et al. 2000;
Wingfield and Sapolsky 2003; Landys et al. 2006). Stress-induced levels of CORT lead to
behavioral and metabolic changes that favor immediate survival of the animal, but potentially at
a cost to reproduction or future survival (Wingtfield 1994; Sapolsky et al. 2000; Scheuerlein et al.

2001; Wingfield and Sapolsky 2003; Landys et al. 2006; Monaghan 2014; Marasco et al. 2015).
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In birds, elevation of circulating CORT begins within minutes of stressor exposure, and typically
reaches a maximal level within an hour, after which negative feedback at the hypothalamus and
pituitary slowly reduce circulating glucocorticoids to baseline (Romero and Romero 2002).

A standardized capture-restraint protocol is frequently used to measure baseline and
maximal CORT in birds (Wingfield et al. 1982; Wingfield et al. 1992; Lendvai et al. 2007). This
handling and restraint protocol is a simple procedure that has been widely used to approximate
individual sensitivity to stress: a bird is captured, a baseline sample is taken in under 3 minutes,
and the bird is restrained in a fabric bag for a standardized length of time until the maximal blood
sample is collected. While context-dependent stress responsiveness is a topic of broad interest,
few studies have considered how individual stress responsiveness varies with stressor type in
birds (Silverin 1998; Cockrem and Silverin 2002a; Butler et al. 2009; Canoine et al. 2013). In
particular, an open question remains as to how an individual’s response to the capture-restraint
protocol relates to their response to an ecologically-relevant stressor such as predator exposure.

Does knowing how a bird responds to stress in one context tell you about how it responds
in other contexts? To approach this question, we exposed captive house sparrows to two different
live predators as well as the standardized capture-restraint protocol, and compared their CORT
responses to each stressor. The live predators were a domestic cat (Felis catus) and a common
kestrel (Falco tinnunculus), both of which are known predators of house sparrows. The domestic
cat is a significant predator of small birds in general, and of house sparrows specifically
(Churcher and Lawton 1987; Woods et al. 2003; Bonnington et al. 2013). Common kestrels may
kill fewer house sparrows than free-ranging cats, but a large portion of their diet is comprised of
house sparrows where they co-occur, particularly in urban environments (Yalden 1980; Kiibler et

al. 2005; Gentle and Kettel 2013). We also compared the birds’ response to the live cat over time
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to determine a) whether they habituate to repeated predator exposure and b) the consistency of
individual responses to a given stressor.

Methods
Study subjects

Mist nets were used to capture 15 adult male house sparrows around Fargo, ND in early
2017. Birds were individually housed in wire cages (23 wide x 16” deep x 16” tall) in one room
at North Dakota State University for up to 12 months. The cages were visually open to the rest of
the room, and cage racks were placed about 3 feet apart with a centrally located cage stand
housing 4 females, which were visible to all males. Food (Kaytee Supreme mixed seed for
finches), water, and cuttlebones were provided ad libitum, and supplemental food (broccoli, baby
spinach, peas and carrots, or Quicko Classic Egg Food) was provided once per week.

Following capture, birds were kept on a short-day light cycle of 8L:16D throughout the
experiment. The room temperature was maintained between 21-23 °C for the duration of
captivity. Animal care and experimental procedures were approved by the IACUC at North
Dakota State University (#A17035).

Stress exposure

As part of another experiment testing the effects of chronic stress on telomere dynamics
(see Chapter 5), the birds were exposed to daily rotating stressors for 27 weeks. During this
chronic stress phase of captivity, each day at a randomized time during the light hours, the birds
were exposed to one of five randomized rotating stressors for 30 minutes: live domestic cat, live
common kestrel, taxidermy merlin (Falco columbarius), cage shaking/banging, and loud rock
music. The live predators were presented twice as often as the other three stressors; on average,

birds experienced each live predator twice per week, and each of the other stressors once per
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week. During each live predator presentation, the predator was allowed to move around the room
and get very close to the cages. The cat roamed the room and vocalized, climbed the cage racks,
and stared at the caged sparrows from close distances. The kestrel flew across the room, wing
flared at the sparrows, stared at the caged sparrows from close distances, and ate whole dead
mice in view of the sparrows.

Blood sampling

Blood was collected for quantification of plasma CORT six times. At each collection,
approximately 75 pL of whole blood was collected from the brachial vein into heparinized
micro-hematocrit tubes. Blood samples were stored on ice for up to 2 hours, centrifuged,
separated into plasma and red blood cell fractions, and frozen at -80 °C until hormone
measurement. All baseline samples were collected less than 3 minutes after opening the door to
the bird room, and maximal or stress-induced samples were collected after 30 minutes of stress
exposure, as previous studies have shown that 30 minutes of restraint elicits maximal circulating
CORT in house sparrows (Breuner and Orchinik 2001; Lindstrom et al. 2005).

Three days prior to the beginning of the chronic stress phase of captivity (and when all
birds had been in captivity at least 1 week), a pre-experiment baseline sample was collected from
each bird (Figure 14). Two stress-induced samples were collected after 30 minutes of cat
exposure: the first time they were exposed to the cat, and 35 days later (approximately the 10™
time they were exposed to the cat). One baseline and one maximal handling-induced sample
were collected on day 156 of daily stressor exposure. One stress-induced sample was collected
after 30 minutes of kestrel exposure on day 170 of stressors. Some samples were missing at
certain time points, and the sample sizes by sampling event were as follows: pre-experiment

baseline (13), cat 1 (15), cat 2 (15), mid-experiment baseline (13), capture-restraint (14), falcon
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(13). While the rotating stressors were presented at variable times during the day throughout the
chronic stress phase of captivity, on sampling days the stressor and sampling were always done

at the same time of day.

Pre-experiment Chronic stress

Figure 14. Timeline of CORT sampling events from captive male house sparrows exposed to
multiple stressors. A total of six samples were collected across 180 days. During the chronic
stress phase of captivity, birds were exposed to a rotating stressor for 30 minutes each day.
Hormone quantification

A commercially available CORT enzyme immunoassay kit (Enzo Life Sciences ADI-
901-097) was used for CORT analysis following a protocol previously validated in house
sparrows (Kuhlman and Martin 2010; Martin et al. 2011). Briefly, 5 uLL of 10% steroid
displacement buffer was added to 5 pLL of each plasma sample, 240 uL of assay buffer was
added, and the sample mixture was aliquoted in duplicate to the assay plate. A standard curve
ranging from 32 — 200,000 pg/ml was aliquoted in triplicate. All wells were incubated with
conjugated CORT and antibody on a shaker, wells were washed, and substrate was added before
a second incubation. Stop solution was added, and the plate was read at 405 nm (corrected at 580

nm per manufacturer’s recommendation). Inter- and intra-assay variation were 8.07% and 2.43%

respectively.
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Statistical analysis

To determine whether individual differences in CORT response were maintained across
stressor types, we used a linear mixed effects model. The dependent variable was In(CORT[pg]),
natural log transformed to achieve normality. Stressor type was included as a fixed effect, and
individual was included as random effect. Mass was not included as a random effect because we
did not have a mass measurement for every sampling point, and CORT was not correlated with
mass. A least square difference test (LSD) was used to determine which stressor types differed in
CORT response. To determine how individual responses were related between each stressor
type, we used linear correlations of In(CORT[pg]). We used a t-test to test whether baseline
CORT differed between pre-experiment and mid-experiment collections. To estimate
repeatability of CORT response across stressors, we used rptR for R 3.5.0 (Schielzeth and
Nakagawa 2011). All other analyses were performed in SPSS 24 (IBM SPSS).

Results

There was a significant effect of stressor type on CORT response when controlling for
individual (F3, 39.64=26.73, p <.0001; Figure 15). Maximal CORT was lowest in response to the
kestrel (p <.001 compared to each other stressor), and did not differ between cat 1, cat 2, and
capture-restraint. Pre-experiment baseline CORT was positively correlated with the first cat
exposure (R?= .63, p=.021). Cat 1 was positively correlated with both cat 2 (R?= .62, p=.014;
Figurel5) and falcon (R?>= .66, p = .021), and cat 2 was also positively correlated with capture-
restraint (R?2= .61, p = .021; also see Table 3). Individual maximal CORT was repeatable across
all four stressor samples (R =.232, p =.038; Figure 16). Baseline CORT was lower at the mid-

experiment sample than the pre-experiment sample (p = .049).
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Figure 15. Mean and SEM of CORT response to different stressors in captive male house
sparrows. CORT response was significantly lower in response to kestrel exposures as compared
to the cat exposures and capture-restraint (p <.0001).
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Figure 16. Correlation between CORT response to two cat exposures 35 days apart in captive
male house sparrows. Individual CORT response was positively correlated between the two
exposures (R? = .62, p=.014).

Table 3.  Correlations between CORT levels in pre-experiment baseline, first cat exposure (cat
1), later cat exposure (cat 2), kestrel exposure, and capture-restraint in captive male house
Sparrows.

Sample Cat 1 Cat 2 Kestrel Restraint
Pre-experiment R?2=0.63 | R2=0.46 | R>=0.10 | R2=0.50
baseline p=0.021 | p=0.12 p=0.75 p=0.083
Cat 1 R?2=0.62 | R2=0.66 | R>=0.42

p=0.014 | p=0.021 | p=0.147

Cat 2 R?2=0.50 | R?=0.61
p=0.097 | p=0.021

Kestrel R?=10.23
p=0.473

P-values below 0.05 are indicated in bold.
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Figure 17. Rank order of CORT response to different predators in captive male house sparrows.
Due to the loss of two birds later in the experiment, rank order for capture-restraint and falcon
samples are corrected (corrected rank = [rank / n]*15).

Discussion

Much of our understanding of individual variation in stress sensitivity in birds comes

from studies utilizing the standardized capture-restraint protocol. It is frequently used as a simple
field measure to approximate an individual’s responsiveness to stressors in general. As a
standardized method, capture-restraint is very useful for comparing between species, between
studies, and for repeated measures of individuals across time. However, few studies have
considered the relationship between individual response to the capture-restraint protocol and an
ecologically-relevant stressor. In fact, how birds respond to different stressors or different types
of stressors has been the subject of very little attention.

We measured CORT response to three different stressor types (capture-restraint, live cat,

and live kestrel), and found that magnitude of CORT response varies by stressor type. In this
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experiment, captive house sparrows responded to cat exposure and to capture-restraint with a
similar magnitude of circulating CORT elevation. Interestingly, their response to kestrel
exposure was lower, but they still mounted a significant CORT response compared to baseline.
Previous studies on captive passerine CORT response to predators have suggested that predator
exposure elicits a higher stress response than capture-restraint (Canoine et al. 2013) or non-
predator object presentation (Cockrem and Silverin 2002a). Our results suggest a different
pattern: CORT was highest in response to capture-handling and cat exposure, and lower in
response to kestrel exposure. However, unlike our experiment, both previous studies did not use
repeated measures design, had smaller sample sizes, and were conducted in different passerine
species (European stonechats and great tits). In our study, both predators were live and acted
threateningly toward the caged birds, and are known wild predators of house sparrows where
they co-occur. These results suggest that sparrows’ magnitude of CORT response depends on the
stressor type. In this case, it is possible that house sparrows responded less strongly to the kestrel
than to the cat because cats are more abundant than small raptors in their suburban habitat;
frequent exposure to a common predator may prime them to respond quickly and strongly to
future exposures in order to maximize survival.

Individual response was often correlated between stressors, but this is not entirely
consistent across the experiment. For example, CORT response to the first cat exposure was
positively correlated with both the second cat exposure sampling event and with the falcon
exposure sampling event, but not with the capture-restraint sampling event. However, capture-
restraint CORT was positively correlated with the second cat exposure sampling event, but not
with the falcon sampling event. In spite of this variation in correlated responses, individual

CORT response was repeatable across all four stressor samples. These results suggest that
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although magnitude of stress response may differ between stressor types, overall an individual’s
sensitivity to stress is consistent. Due to the pattern of positive correlations in CORT response
between sampling events, it seems likely that our small sample size led to non-significant results
in some correlations.

Similar to our findings, one previous study in great tits reported that maximal CORT in
response to capture-restraint protocol was repeatable within individuals across multiple
exposures (Cockrem and Silverin 2002b). The current results indicate that mean CORT response
to live cat exposures 35 days apart do not differ, and individual CORT response is correlated
between the two exposures. Together, these studies suggest that individual passerine response to
a particular stressor is consistent across exposures, at least in controlled environments.

An individual’s behavioral response to stressors is often consistent across time, so
understanding how they respond in one situation provides information about how they respond in
other contexts. These correlated responses are called behavioral syndromes, and have been well
studied in birds (Sih et al. 2004; Cockrem 2007). The behavioral syndromes related to fear
responses are often termed “proactive” and “reactive,” and are associated with higher fitness in
predictable and unpredictable environments respectively (Cockrem 2007). It is less clear whether
these behavioral syndromes also encompass CORT response to stressors in birds. It is
hypothesized that reactive birds should have higher CORT responses than proactive birds, and
that this should be consistent across time and conditions (Cockrem 2007). Here, we show that
individual CORT response to one predator is consistent across time, supporting the idea that
CORT response underlies proactive vs. reactive behavioral syndromes. We also find that
individuals tend to respond similarly across stressor types, though magnitude of response may be

somewhat context-dependent.
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CHAPTER 7: CONCLUSION AND FUTURE DIRECTIONS

Telomere loss occurs throughout life due to accumulating oxidative damage and normal
DNA replication processes (Monaghan 2014; Zhao et al. 2014; Haussmann and Heidinger 2015).
Stress exposure has been shown to accelerate telomere loss and reduce longevity, particularly
when stress is experienced in early life (Epel et al. 2004; Haussmann and Marchetto 2010; Tyrka
et al. 2010; Herborn et al. 2014; Asghar et al. 2015). The impact of stress experience on telomere
dynamics during adulthood is less studied, but there is evidence that stress can accelerate
telomere loss in adult birds (Monaghan et al. 2012; Hau et al. 2015). Elevation of glucocorticoid
hormones in response to stress, including corticosterone, leads to increased oxidative damage
(Costantini et al. 2011; Monaghan 2014). Therefore, individual differences in telomere loss rate
may be partially mediated by differences in sensitivity to stress.

Telomere length is most commonly measured in blood (leukocytes in mammals,
erythrocytes in birds) as it is an easy tissue to sample noninvasively and has high cellular
turnover (Haussmann et al. 2007). Few studies have compared telomere length between tissues
in birds, and in house sparrows it is unknown whether telomere length is correlated between
tissues (Schmidt et al. 2016). Sperm telomere length is of particular interest as direct inheritance
of germ line telomeres is one hypothesized pathway of telomere inheritance (Haussmann and
Heidinger 2015). Gonadal tissue is highly proliferative and also expresses telomerase throughout
life in short-lived birds (Haussmann et al. 2007). Sperm are highly susceptible to oxidative
damage, but upregulated telomerase expression in the gonad may protect gamete telomeres
against damage caused by increased oxidative stress (Almbro et al. 2011; Losdat et al. 2011;

Haussmann and Heidinger 2015).
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My research was motivated by one complex question: does paternal stress experience
impact offspring aging and longevity via sperm telomere dynamics? This contains aspects of
parental effects, life history, telomere biology, and mechanisms of inheritance. To approach this
question, I primarily focused on natural variation in and sensitivity to stress of sperm telomere
dynamics in house sparrows.

In Chapter 2, I modified a commercial DNA extraction kit protocol for use in isolating
DNA from avian sperm and validated this method in house sparrows. I also describe in detail
how to perform cloacal massage on passerines, and this methods publication was accompanied
by a video description so that learning this technique will be more accessible to others interested
in answering questions about sperm.

In Chapter 3, I examined relationships between blood and sperm telomere length, and
father and offspring telomere length, in free-living house sparrows. I found that, within
individuals, blood and sperm telomere length were positively correlated within individuals and
that sperm telomeres were longer than blood telomeres. I also found that sperm telomere length
varied across the season, but in a small sample, no relationship between father and offspring
telomere length. These results suggest that sperm telomere length may decline with age in birds,
as does blood telomere length. Interestingly, previous work in humans has found that older men
have longer sperm telomeres, but this is the first time sperm telomere length has been measured
in birds (Kimura et al. 2008; Aston et al. 2012; Turner and Hartshorne 2013). These results
further suggest that sperm are afforded additional telomere-protective measures as compared to
blood, but that sperm telomeres are still sensitive to environmental or internal influences.

Elevated expression of telomerase in gonads likely contribute to the finding of relatively

long sperm telomeres. However, the variation in sperm telomere length across the season shows
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that telomerase does not inhibit change in telomere length; how sperm telomeres change with
season may be related to relationships between telomerase and circulating testosterone or
corticosterone, both of which are involved in mediating reproductive cycles (Young and Nelson
2001; Wingfield and Sapolsky 2003). I found no relationship between paternal sperm telomere
length and offspring early life telomere length, but, due to small sample size, feel that this is not
a complete answer. Previous studies in birds have found relationships between both maternal and
paternal blood telomere length and offspring telomere length, which we also did not observe
(Horn et al. 2011; Asghar et al. 2014; Reichert et al. 2015). While the inheritance of telomere
length is not well understood, it is likely complicated; paternal sperm telomere length may be
only partially responsible for offspring early life telomere length if at all, and therefore more and
larger studies are needed to tease apart the relative contributions of maternal, paternal, and
developmental mechanisms.

In Chapters 4 and 5, I measured telomere responses to stress exposure in captive
sparrows. Stressor type and duration varied between these two experiments, but in both cases
sperm and blood telomere length did not differ between the stress and control treatments.
However, I found that while sperm and blood telomere length were still positively correlated
within individuals, sperm telomere length was not longer than blood telomere length, contrary to
my findings in free-living birds (Figure 18). It is important to note that telomere length cannot be
directly compared between these studies due to use of different reference samples, but in Figure
18 I arbitrarily set blood telomere length at 1 unit to illustrate the differences in relative sperm
telomere length by captivity status and duration. Evidence from my captive studies and others
suggest that captivity alone induces chronic stress in house sparrows, so this finding indicates

that chronic stress may impact sperm telomere length, but this impact may only occur over a
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longer time scale than I originally predicted (Rich and Romero 2001; Kuhlman and Martin 2010;
Martin et al. 2011). In Chapter 4 I also found that sperm telomere length is less repeatable over a
medium time scale than is blood telomere length over a relatively long period. Together, these
findings further support the hypothesis that sperm telomere length is changing over time and may
be sensitive to environmental factors such as stress exposure. While this is very likely mediated
by oxidative damage, to which sperm are particularly susceptible, it is not clear if CORT is
involved in mediating the link between stress exposure and oxidative damage (Almbro et al.

2011; Losdat et al. 2011).

Relative telomere length (arbitrary units)

L

Blood Sperm Blood Sperm Blood Sperm
Free-living Captive (6 months) Captive (9-12 months)

Figure 18. Mean and SEM of relative telomere length in blood and sperm of free-living and
captive male house sparrows. Dotted lines indicate where telomere length cannot be directly
compared due to use of different reference samples. Mean blood telomere length for each group
was set at 1 arbitrary unit to illustrate the differences in relationship between blood and sperm
telomere length across captivity status and duration.
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In Chapter 6, I measured CORT responses to multiple stressors in captive house
sparrows. | was interested in the context-dependent nature of stress responses, and how an
individual’s response to one stressor informs us about its response to other, ecologically-relevant
stressors. | found that individual response to one predator is consistent across exposures and is
likely indicative of response to another predator. These birds’ response to the predators may be
influenced by their experiences; in areas where I have seen house sparrows living around Fargo,
cats are more common than falcons, so birds living in this area may be primed through exposure
to respond strongly to cat presence. This study highlights the need for studies involving multiple
types of stress (as in Chapter 4 versus Chapter 5).

This dissertation provides baseline knowledge of sperm telomere biology in passerines;
future studies will be needed to improve our understanding of the relationship between stress and
sperm telomere dynamics in various contexts and address the role of sperm telomere dynamics in
shaping offspring aging. The opportunities for such studies are vast, and I have several ideas for
future approaches to these questions.

We do not fully understand how stress experienced during adulthood impacts telomere
dynamics in birds, but stress experienced during development has repeatedly been linked to
accelerated telomere loss and reduced longevity (Haussmann and Marchetto 2010; Monaghan et
al. 2012; Herborn et al. 2014; Monaghan 2014). The question of how stress impacts sperm
telomere dynamics could be addressed by rearing chicks in captivity under stress and control
treatments and maintaining them in an aviary for one or more years. This design would allow for
comparisons of blood and sperm telomere length across time and in relation to developmental
stress, as well as providing an opportunity for following individual patterns in circulating

hormones, ejaculate volume, sperm quality, and sperm telomere length across a breeding season.
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Captive Japanese quail and great tits have been artificially selected for high-stress and
low-stress lines, and these populations would provide an invaluable opportunity to compare
CORT response, oxidative stress, testicular telomerase, and sperm telomere dynamics across
time. Exposing these birds to repeated stressors and comparing between lines would highlight the
role of CORT in mediating telomere loss. Wild-caught house sparrows may not be the best
model for a captive breeding project of this scale, but a similar experiment could be conducted in
any number of birds that are amenable to captivity.

While I did not find differences in stress exposure between captive house sparrows in
control and stress treatments, this type of experiment could be conducted in free-living sparrows
in our population. In fact, I attempted to induce stress in free-living males by injecting them with
keyhole limpet hemocyanin (KLH), a protein derived from shellfish which activates adaptive
immune responses in birds. KLH has been used to induce antigen responses in house sparrows
for 10 days or longer (Lee et al. 2006; Martin et al. 2006; Pap et al. 2010). Unfortunately, I was
unable to recover any of the 40 birds injected with KLH or vehicle in 2016. These birds were
caught by mist netting near nest boxes very early in the breeding season before males were
committed to nest sites. Recovery of experimental birds could be improved by capturing them on
the nest box shortly after the first clutch is laid and removing the eggs. A similar experimental
design could be implemented with CORT implants or a vector-borne infection such as malaria,
which accelerated telomere loss in reed warblers (Asghar et al. 2015). Most birds should re-nest
and would thus be available for repeat sampling of blood and sperm telomeres. This would also
be an opportunity to compare early life telomere dynamics in chicks with stressed and control

fathers.
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This research shows that sperm telomere length is likely susceptible to change across
relatively long time frames (months or longer), and suggests that chronic stress may be involved
in sperm telomere attrition. While my findings on the relationship between paternal sperm
telomere length and offspring early life telomere dynamics were inconclusive, the role of gamete
telomere dynamics in shaping offspring aging warrants further investigation. Further, sperm
telomeres may be protected from damage in response to acute stress, and more work is needed to
determine the mechanisms of telomere damage and protection in both somatic and germline
tissues. The effects of parental stress exposure on offspring fitness are not well understood,
particularly from a mechanistic standpoint; understanding how stress impacts gamete telomere
dynamics and the contribution of gamete telomeres on offspring early life telomere dynamics
will inform a wide range of fields in biology and biomedicine.
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