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ARTICLE INFO ABSTRACT

Keywords: For decades, researchers across disciplines have been captivated by classifying, diagnosing, and avoiding the
Chronic stress consequences of chronic stress. Despite the vast body of literature this has generated, we still lack the ability to
Reco_very predict which individuals or populations may be susceptible to stress-related pathologies. One critical un-
Cortlc‘?s;eﬁ?e . answered question is whether the impacts of repeated stressors are reversible, or if instead they permanently
E?'i:ctear: d 1lling capacity alter an individual. In this study, we exposed house sparrows (Passer domesticus) to 6 days of random, repeated
DNA d stressors, permitted them O, 1, 3, or 6days to recover, and then assessed changes in their body mass, hy-
amage R L. ) . . R .
Behavior pothalamic-pituitaryadrenal (HPA) axis (baseline, stress-induced corticosterone, negative feedback strength),

immune function, uric acid concentrations, DNA damage levels, and perch hopping activity. Body mass did not
vary between groups after recovery. We found that the HPA axis and perch hopping were not significantly
impacted by the 6 days of stressors, but that uric acid and DNA damage increased. Short recovery periods tended
to negatively affect the HPA axis and reduced uric acid levels, but these were reversed with longer recovery
periods. Following the recovery periods, the birds experienced an additional 6 days of random stressors and their
responses were assessed again. All recovery times reduced perch hopping and immune function, but para-
doxically, DNA damage was highest in the birds that had the longest amount of time to recover. These results
show that recovery time affects responses to subsequent chronic stress in complex ways, and highlight the

importance of multimodal, interdisciplinary approaches to studying stress physiology.

1. Introduction

The stress response is driven by a combination of hormones (e.g.
glucocorticoids) and neurotransmitters (e.g. catecholamines) that elicit
downstream physiological and behavioral adaptations to cope with
unpredictable events (Romero and Wingfield, 2016; Sapolsky et al.,
2000). The acute stress response, which is activated within seconds, is
necessary for vertebrates to react to stimuli, however overactivation of
these mechanisms can lead to what is referred to as chronic stress.
Though many aspects of ‘stress’ are still debated, it is generally agreed
that chronic exposure to repeated stressors results in negative physio-
logical effects, including altered cardiovascular regulation (Cohen
et al., 2007; Cyr et al., 2009; Fischer et al., 2018; Rupp, 1999), reduced
efficacy of glucocorticoids (Cort; Cyr et al., 2007; Dickens et al.,
2009a,b; Rich and Romero, 2005), immunosuppression (Dhabhar and
McEwen, 1997; Gormally and Romero, 2018; Martin, 2009), or DNA
damage (Gormally et al., 2019a).

Much of the confusion surrounding the impacts of chronic stress is a
result of an incomplete understanding of the timing of wear-and-tear on
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an organism. In other words, we do not yet fully understand the in-
tricate temporal dynamics of how repeated stressors impact an animal.
Similarly, it is unknown whether chronic stress can permanently impact
an organism or if the effects can be reversed. For example, it is usually
presumed that if wild animals survive a chronic stressor their stress
physiology reverts to the functioning prior to exposure (e.g. Romero
and Wikelski, 2010, but see Clinchy et al., 2013); but chronic stress,
especially during development, can permanently alter stress physiology
(e.g. Landys et al., 2011). These opposite responses are crucial aspects
in need of exploration in order to clarify how chronic stress impacts
vertebrates.

Recovery from chronic stress has previously been examined in
biomedical contexts in rodent model systems. Perhaps most well-known
are the effects on hippocampal structure. Chronic restraint stress has
resulted in reduced hippocampal volume and dendritic atrophy of
neurons in the CA3 region (Conrad et al., 1999; Sousa et al., 2000).
Surprisingly, during rest periods following chronic stress, these brain
regions have shown plasticity and have regained much of their struc-
ture (Conrad et al., 1999; reviewed by Ortiz and Conrad, 2018); one
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Fig. 1. Experimental design. House sparrows were
captured from the wild and after at least 3 weeks of
acclimation in captivity a Pre-Stress Control Sample

. | was taken. After an additional 8 days, the chronic

stress protocol commenced for 6 consecutive days.
| This consisted of 4 30-minute acute stressors ex-
* perienced at random, unpredictable times of the

day. A Post-Stress 1 sample was then taken before
birds were permitted a recovery period, which was

randomly assigned. After 1, 3, or 6days a Post-
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study even showed that cognitive deficits resulting from chronic stress
could be improved (Sousa et al., 2000). Other laboratory-focused stu-
dies have found that recovery from chronic variable stress initially re-
sults in hypoactivity of the hypothalamic pituitary adrenal (HPA) axis,
but normal function eventually returns after 30 days (Ostrander et al.,
2006). Furthermore, some, but not all aspects of the heart rate re-
sponse—a common proxy for the catecholamine-mediated fight-or-
flight response—have been shown to recover following random, re-
peated stressors (Park et al., 2017).

It quickly becomes obvious that the impacts of recovery can be as
complex as those of chronic stress. Perhaps most significantly, studies
have yet to assess recovery using an interdisciplinary approach. The
stress response is traditionally studied by focusing on the catecholamine
and glucocorticoid mediators (Romero and Wingfield, 2016); however,
in reality these are merely the signals that elicit a suite of downstream
physiological and behavioral effects that help an individual cope with
an unpredictable event in its environment (Sapolsky et al., 2000).
Nearly all studies that have examined recovery periods and chronic
stress have either done so using single metrics of the stress response
and/or have used domesticated laboratory rodents. It is particularly
important to examine these questions using an interdisciplinary ap-
proach and undomesticated animals since an increasing number of
studies seek to link stress susceptibility to fitness in wild animals

We sought to test how rest periods impact the responses to short
(6 days) bouts of repeated stressors in house sparrows (Passer domes-
ticus). Specifically, we assessed body mass, HPA axis function and
regulation (baseline and stress-induced Cort and negative feedback
strength), immune function (bacterial killing capacity), metabolism
(uric acid), DNA damage (comet assay), and behavior (perch hopping).
Each of these metrics have previously been shown to significantly
change in response to repeated stressors (Cyr et al., 2007; Cyr and
Romero, 2007; Gormally et al., 2019a, 2018; Gormally and Romero,
2018; Lattin et al., 2012; Lattin and Romero, 2014; Rich and Romero,
2005). It was therefore hypothesized that longer recovery periods
would enable these parameters to ‘reset’ and therefore animals would
be better able to respond to future repeated stressors by exposing them
to a second 6 days of repeated stimuli. Importantly, this experimental
design also tested whether recovery improved the animals’ ability to
cope with additional stressors. To our knowledge, this is one of the few
studies that aims to test this. Specifically, in response to the bouts of
repeated stressors we expected body mass to decrease (DuRant et al.,
2016; Gormally et al., 2019b), baseline and stress-induced Cort to de-
crease (Cyr et al., 2007; Gormally et al., 2018; Rich and Romero, 2005),
for negative feedback strength to weaken (Gormally and Romero, 2018;
Lattin et al., 2012), for bacterial killing capacity to decline (Dhabhar
and McEwen, 1997; Gormally et al., 2018), uric acid to decrease
(Gormally et al., 2018), and DNA damage to increase (Flint et al., 2007;

Recovery Sample was taken. Finally, the birds were
exposed to 6 additional days of a chronic stress
protocol and a final Post-Stress 2 sample was taken.
At each of the 4 sample points, blood and video
samples were taken. Three major statistical com-
parisons were made: between the Pre-Stress Control
and Post-Stress 1 samples; between the recovery
groups at the Post-Recovery sample; and between
recovery groups at the Post-Stress 2 sample.

Comparison 3
(between
Recovery Groups)

Gormally et al., 2019a; Hara et al., 2011). Note that while it has been
shown that administration of exogenous Cort increases uric acid in
birds (Lin et al., 2004a), in this system Cort is not expected to increase
(Lattin and Romero, 2014). Prior studies have shown that repeated
stressors decrease uric acid in house sparrows (Gormally et al., 2019a,
2018), perhaps indicating an attempt at regaining redox balance.

2. Materials & methods
2.1. Experimental design

Between October 2017 and April 2018, 34 house sparrows (15 fe-
males and 19 males) were captured in Medford, MA, USA. The birds
were brought to Tufts University where they were housed in male-fe-
male pairs (n = 26) or in direct view of other birds (n = 8); there was
no effect of being housed in pairs v. alone (p > 0.10 in all cases), ex-
cept in the behavioral data (see Results). Previous experiments indicate
that this sample size is appropriate for the variance associated with
these physiological parameters based on a power analysis assuming a
significance level of 0.05. All birds were maintained in cages
(45cm x 37 cm X 33 cm) and on a 12L:12D light cycle with seed, grit,
and water provided ad libitum. All birds were permitted a minimum of
3 weeks to acclimate to captivity prior to the experiment as this period
of time has been shown to be sufficient to stabilize Cort and heart rate
(Fischer et al., 2018).

After this minimum acclimation period, blood and video samples
(Pre-Stress Sample in Fig. 1) were taken to quantify baseline physiology
and behavior. Eight days later, birds were subjected to a chronic stress
protocol that consisted of 30-minute stressors presented at 4 random
times throughout the day for 6 consecutive days. The chosen stressors
were cage tapping (tapping on the cages at intermittent times), cage
rolling (randomly moving the wheeled cage racks), food removal (food
was removed for the stressor period), human voice (a researcher read
out loud in the animal facility), and radio. Each of these have been used
in the past and have been shown to elicit acute hormonal responses (Cyr
et al., 2009; Gormally et al., 2018; Lattin and Romero, 2014; Rich and
Romero, 2005). A random number generator was used to establish
which of these five stressors would be presented for each 30-minute
session. This initial 6-day period was meant to push animals towards,
but not yet into, homeostatic overload (Romero et al., 2009). We hy-
pothesized that during this period, wear-and-tear or allostatic load
would increase, thus increasing susceptibility of the animals (McEwen
and Wingfield, 2003; Romero et al., 2009). A second sample was taken
after the 6-day period (Post-Stress 1 Sample in Fig. 1). Next, the animals
were randomly divided into different treatment groups; birds either
immediately proceeded to the second stress period (0 recovery days;
n = 4 females, 4 males) or where permitted recovery time (1 days,
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n = 3 females, 5 males; 3 days, n = 3 females, 5 males; or 6 days,n = 5
females, 5 males). Despite these sex differences in sample sizes, no
parameter measured here was affected by sex (p > 0.14 in all cases).
During these recovery periods, birds were minimally disturbed only for
husbandry purposes. A third sample was taken after recovery (Post-
Recovery Sample in Fig. 1) except for the animals that received O re-
covery. An additional 6 days of stressors was then applied, after which a
fourth and final sample was taken (Post-Stress 2 Sample in Fig. 1). At
each of these four sample points, we took blood samples for physiolo-
gical measurements and video samples to assess changes in behavior.
Finally, birds were weighed before the experiment, after the first 6 days
of repeated stressors, after recovery, and after the final 6 days of re-
peated stressors.

All experiments were conducted with approval from the Tufts
Institutional Animal Care and Use Committee and in accordance with
the Guidelines to the Use of Wild Birds in Research (Fair et al., 2010).

2.2. Blood sampling

Three different types of blood samples were taken at each point.
Firstly, a baseline sample was taken within 3 min of entering the room
(Romero and Reed, 2005). Secondly, birds were placed in a breathable,
opaque cloth bag for 30 min after which a stress-induced sample was
taken; this reflects the acute stress response to a unique stimulus that
was not part of the chronic stress protocol. Finally, the synthetic glu-
cocorticoid dexamethasone was used to stimulate negative feedback
(Carroll, 1982; Lattin et al., 2012). Dexamethasone (1 mg/kg; Phoenix
Pharmaceuticals, St. Joseph, MO, USA) was injected intramuscularly
into the pectoralis muscle of house sparrows immediately following the
collection of the stress-induced sample; the third blood sample was
taken after allowing the drug to circulate for 45 min.

All samples were stored on ice until processing. Whole blood was
separated from plasma using centrifugation, separate aliquots of plasma
were made for Cort, uric acid, and bacterial killing assays, and samples
were stored at —20 °C until assayed.

2.3. Behavioral sampling

Security camera systems were used to remotely record the behavior
of the house sparrows. On the mornings of each sample (Fig. 1) the
cameras remotely turned on and recorded behavior for 20 min begin-
ning at lights-on. Perch hopping was counted for the second half of this
20 min. A perch hop was considered as any movement throughout the
cage, typically from the perch to the cage sides, bottom, or food/water
dishes. All videos were coded by the same individual (HY) who was
blinded to treatment.

2.4. Corticosterone assays

Corticosterone was quantified using a well-established radio-
immunoassay (Wingfield et al., 1992). Briefly, diluted plasma was
spiked with tritiated Cort and then extracted using dichloromethane.
Nitrogen gas was used to dry down the extracted steroids and phos-
phate buffered saline with gelatin was used for rehydration. A portion
of the sample was used to calculate recovery efficiency while the re-
maining was run in duplicate in the radioimmunoassay. B3-163 anti-
body (Esoterix, Calabasas Hills, CA, USA) and tritiated Cort were added
to the sample tubes. A standard curve was used to extrapolate Cort
concentration, with final values adjusted by the recovery efficiency. A
total of seven assays were necessary to run all the samples; samples
from one assay were lost because of a failed standard curve. Inter and
intra assay coefficients of variation were 15% and 4.9% respectively. A
total of 34 samples (out of 334) fell below the level of detection and
therefore were assigned the floor value of 1.07 ng/mL.
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2.5. Uric acid fluorometric assays

Uric acid was quantified in the baseline blood samples using the
Amplex® Red Uric Acid/Uricase Assay Kit (Molecular Probes, Eugene,
OR, USA). Protocol was followed according to assay instructions
(Gormally et al., 2019a, 2018). Briefly, 2-3 uL of plasma was diluted
with 200 pL of reaction buffer. Samples were run in duplicate and the
reaction was started by added horseradish peroxidase; uric acid con-
verts to hydrogen peroxide, which reacts with the Amplex Red Reagent
in the presence of horseradish peroxidase to form a red fluorescent
product. The reaction proceeded for 30 min in a 37 °C incubator and the
96-well plates were read in a spectrophotometer at 560 nm. Inter and
intra assay coefficients of variation were 2.3% and 2.5% respectively.

2.6. Comet assays

Comet assays were performed on the day of sampling and according
to previously published studies, with some minor modifications
(Gormally et al., 2019a). Prior to centrifugation of the blood samples,
2 L of whole blood was removed and diluted in 800 pL of phosphate
buffered saline (Mg“, Ca®* free). Samples were diluted 1:4 twice more
with fresh PBS. A portion of this final dilution was combined with low
melting agarose at a 1:10 dilution and then immediately added to a pre-
coated microscope slide (R & D Systems, Minneapolis, MN, USA). The
entire slide was submerged in lysis buffer for 1h and then electro-
phoresis was performed (buffer: 300 mM sodium acetate, 100 mM Tris
base, pH 10; electrophoresis conditions: 30 min, 21 V, 90 mA). Slides
were then soaked in chilled deionized water, then ethanol and allowed
to dry in 37 °C.

Slides were stored in the dark, with desiccant, until staining and
microscopy. Slides were stained with SYBR Gold (Molecular Probes,
Eugene, OR) for 30 min and imaged with the 10X objective on a
fluorescent microscope using the green fluorescent protein filter.

Standardized damaged cells (Catalog #4257-010-NC, R & D
Systems, Minneapolis, MN, USA) were run alongside samples during
each assay. These were used to 1) calculate variation between assays,
and 2) generate a standard curve to normalize damage results in three
aberrant assays (see Section 2.8 for details). The inter assay coefficient
of variation was 24%.

2.7. Bacterial killing assays

Bacterial killing assays were run on plasma collected at the Pre-
Stress Control and Post-Stress 2 Samples; due to the fact that this assay
requires a large amount of blood, assays were restricted to these sam-
ples to remain below the ethical limit of blood removal. Assays were
begun within 5h of sampling and conducted using a modified protocol
with microplates (French and Neuman-Lee, 2012; Liebl and Martin,
2009; Millet et al., 2007). Preliminary experiments were conducted to
determine appropriate plasma dilutions for this species (data not
shown). All materials were sterilized by autoclave prior to conducting
the assays. Briefly, one lyophilized pellet of Escherichia coli (ATCC®
8739) was added to 10 mL of pre-warmed phosphate buffered saline
and incubated for 30 min. This suspension was then further diluted to
10° bacteria/mL, which was the working concentration. 4.5uL of
plasma was added to the microplate in triplicate. Next, 13.5 puL of CO»-
independent media (Catalog #18045088, ThermoFisher, Waltham, MA,
USA) plus 4 mM L-glutamine was added to dilute each plasma replicate.
6 pL of diluted E. coli and 125 pL of tryptic soy broth were also added to
each well. Positive and negative controls were included on each plate.

Covered plates incubated for 12h at 37 °C before being read at
300 nm with a spectrophotometer. Bacterial killing capacity was cal-
culated as 1 — (absorbance of sample/absorbance of positive control).
Inter and intra assay coefficients of variation were 17% and 1.5% re-
spectively.
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2.8. Statistical analyses

All statistical analyses were performed in RStudio (RStudio Team,
2015). All datasets contained either unequal variances or were not
normally distributed, therefore we opted to perform nonparametric
tests. Three statistical comparisons were made (Fig. 1): between the
Pres-Stress Control and Post-Stress 1 Samples; between recovery groups
after the recovery times; and between recovery groups at the Post-Stress
2 Sample. For each of these comparisons, the nonparametric Kruskal-
Willis test was used, followed by a Wilcox test for pairwise comparisons
in the event of a significant p-value. Effect sizes were calculated using
the £ method (rcompanion package, Mangiafico, 2019; Tomczak and
Tomczak, 2014).

The three Cort samples (baseline, stress-induced, and negative
feedback strength) were analyzed separately. Baseline and stress-in-
duced levels of Cort interact with different receptor subtypes and reflect
unique physiological outcomes (Sapolsky et al., 2000). Any values
higher than 150 ng/mL (greater than 4 standard deviations from the
stress-induced mean) were removed from analyses as these outliers
likely resulted from experimental error (4/334 samples). Changes in
negative feedback strength were assessed by calculating the percent
decrease in Cort concentration from the stress-induced level. Values of
birds for which this calculation resulted in a negative number were
standardized to 0. Therefore a value of 100% would indicate a bird that
completely shut down the release of Cort due to the dexamethasone
injection while a value of 0% would correspond to an animal that failed
to show any negative feedback.

Body mass, uric acid, bacterial killing capacity, and behavior were
all assessed using the nonparametric tests as indicated previously.
Changes in body mass were compared within recovery group and were
calculated as percent initial weight. Two uric acid samples (out of 136)
fell in the negative range due to too little plasma and were therefore
assigned a value of 0. When the bacterial killing assays resulted in
values that were above 100 or below 0, the samples were standardized
to the ceiling (6/67 samples) and floor respectively (2/67 samples).

Comet assay images were analyzed using the OpenComet plugin
(Gyori et al., 2014) for Fiji (Schindelin et al., 2012). Comets from the
standard control cells of 3 of 9 assays significantly deviated from the
overall mean and therefore these results were normalized.

The OpenComet program automatically detects abnormal co-
mets—mainly those that were overlapping—but also allows for user
review. Aberrant comets were manually reviewed if the program im-
properly detected the heads or tails of comets. We compared changes in
average percentage of tail DNA (“TailDNA%”; Gormally et al., 2019a,b)
over the course of the experiment using the nonparametric tests in-
dicate above. We also compared the distributions of damage at each
sample point for each group (4 samples and 4 groups, 16 total dis-
tributions). Prior work has noted unexpected patterns in the distribu-
tions of these data (Gormally et al., 2019a). The modality of each dis-
tribution was assessed using Hartigan’s dip test (diptest package;
Maechler, 2016) where a p-value that is less than 0.05 suggests a non-
unimodal distribution (Hartigan and Hartigan, 1985). For this dis-
tribution analysis, normalized data points that were less than 0 were
removed (~3% of points).

3. Results
3.1. Comparisons 1 and 2—Impacts of recovery following repeated stressors

Body mass varied little across the experiment, however the 3-day
group did tend to increase after the initial 6 days (0 days x> = 2.96,
df = 3, p = 0.40; 1 day * = 4.53, df = 3, p = 0.21; 3 days, x> = 9.07,
df = 3, p = 0.03; 6days, x> = 1.56, df = 3, p = 0.67; Fig. 2). Neither
baseline nor stress-induced Cort changed over the course of the first
6 days of repeated stressors (baseline, x2 = 0.006, df =1, p = 0.94;
stress-induced, x? = 0.005, df =1, p = 0.94; Fig. 3A) or due to
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Fig. 2. Impact of repeated stressors and recovery on body mass. Comparisons
were made within recovery group, across the 4 different samples. * denotes
significance at p = 0.05. Error bars represent = SEM.

recovery (baseline, x2 =3.45, df =3, p=0.33; stress-induced,
xz = 4.48, df = 3, p = 0.21; Fig. 3B). Similarly, negative feedback
strength did not significantly change (Comparison 1, x* = 0.1, df = 1,
p = 0.75; Comparison 2, x2 =7.12, df = 3, p = 0.07; Fig. 3C). Birds
that recovered for 24 h had 0% negative feedback strength; in other
words, all birds in this group either had the same amount or more Cort
circulating post-dexamethasone injection as they did after a 30-minute
acute stressor.

Uric acid significantly increased following the 6-day chronic stress
period (% = 11.89, df = 1, p = 0.0006, > = 0.87; Fig. 3D). Recovery
time reduced this level, with birds that experienced 3 and 6 days of
recovery having significantly lower levels than the 0-day group
(x% = 13.03, df = 3, p = 0.005, €% = 0.93; 3 v. Odays, p = 0.03; 6 v.
0days, p = 0.01; 1 v. Odays, p = 0.11; Fig. 3D).

DNA damage also significantly increased due to chronic stress
()(2 =12.6, df = 1, p = 0.0004, 2 =1; Fig. 3E). Recovery time had a
complex effect on damage with birds in the 3-day group having sig-
nificantly reduced damage, while other groups remained elevated
(x? = 20.65, df = 3, p = 0.0001, ¢ = 1; 3 v. 0days, p = 0.0009; 3 v.
1day, p = 0.0009; 3 v. 6days, p = 0.002). The damage in individual
cells was unimodally distributed in all groups of birds prior to the ex-
periment (p = 0.99), and remained that way except in the 3-day group
(p < 0.001; Fig. 4). After the recovery time, only birds in the 6-day
group exhibited a non-unimodal distribution (p = 0.02; Fig. 4).

Finally, perch hopping activity did not significantly change after
6 days of chronic stress (x2 = 0.30, df = 1, p = 0.59; Fig. 3F) nor did
recovery time significantly alter behavior (x* = 1.88, df = 3, p = 0.60;
Fig. 3F). Cage status affected perch hopping after the repeated stressors;
individually housed birds tended to be less active than those housed in
pairs (x2 =7.23, df = 1, p = 0.007, £ = 0.96). However, this effect
was not detected following recovery (x2 = 1.29, df = 1, p = 0.26).

3.2. Comparison 3—Impacts of repeated stressors after recovery

No significant differences in baseline or stress-induced Cort were
detected between recovery groups following a second period of re-
peated stressors (baseline, x> = 1.89, df = 3, p = 0.60; stress-induced,
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%2 = 2.49, df = 3, p = 0.48; Fig. 5A); however, the recovery groups do
visually appear to non-significantly separate after this final 6 days
(Fig. 5A). Similarly, there were no differences in negative feedback
strength between the recovery groups (y? = 2.21, df = 3, p = 0.53;
Fig. 5B).

Immune function was only assessed at the start and end of the ex-
periment due to restrictions on blood sampling. Birds that had either O
or 6days to recover between the sets of repeated stressors had sig-
nificantly reduced bacterial killing capacity relative to before the ex-
periment (x? = 16.56, df = 4, p = 0.002, £* = 0.99; Fig. 5C). Uric acid
approximately returned to pre-experiment levels in all groups and there
were no significant differences between groups (x> = 5.45, df = 4,
p = 0.14; Fig. 5D).

Average DNA damage also differed significantly between recovery
groups with the 6-day birds having the highest level (y* = 28.11,
df =3, p < 0.001, e2=1;0 v. 1day, 0 v. 3days, and 1 v. 3days
p = 0.0006, 0 v. 6days p = 0.0003, 1 v. 6days p = 0.0002; Fig. 5E).
All groups exhibited unimodal distributions after the second set of re-
peated stressors (p = 0.99; Fig. 4).

Finally, behavior in response to repeated stress was significantly
affected by recovery time (x2 = 10.96, df = 3, p = 0.01, ¢ = 0.99;
Fig. 5F). Birds that experienced 12 consecutive days of the chronic
stress protocol were more active relative to those that had recovery
time; this was a significant difference only with the 3-day group
(p = 0.04; Fig. 5F). Again, following a second period of repeated
stressors, birds in pairs tended to be more active than those housed
individually (x? = 5.08, df = 1, p = 0.02, £* = 0.92).

4. Discussion

In this study we tested whether recovery following repeated stres-
sors could change house sparrow responses to an additional bout of
repeated stressors. Importantly, the first 6 days of repeated stressors
was not meant to drive animals immediately into homeostatic overload

(Romero et al., 2009). Instead, the purpose of the design was to only
have the birds in the 0-day group experience enough consecutive days
to enter overload. Prior studies that examined heart rate regulation and
HPA axis function suggest that this experimental protocol elicits sig-
nificant differences by 10-12 days (Cyr et al., 2007; Rich and Romero,
2005) in another passerine the European starling (Sturnus vulgaris).
Another prior study showed that 10 days of this same chronic stress
protocol significantly reduced wound healing rates in house sparrows
(DuRant et al., 2016). Thus, we assumed that 6 days would simply build
wear-and-tear on the birds, whereas the complete 12 days would in-
itiate chronic stress (e.g. significant changes in HPA axis function and
regulation). In other words, we assumed that increasing consecutive
days—in this case 12—of repeated stressors would build wear-and-tear
on the animals. By enabling the other groups time to recover, we hoped
to assess how those rest periods changed responses to repeated stimuli.
In sum, we found that recovery was reflected in some, but not all,
metrics that were tracked.

4.1. Short recoveries negatively impact Cort regulation

We found that 6 consecutive days of random, repeated stressors was
substantial enough to alter some aspects of physiology measured here;
however, not all metrics were affected suggesting that some systems
may be more susceptible to repeated stressors. Surprisingly, body mass
did not decline as was expected and as has been previously shown in
this species (DuRant et al., 2016; Gormally et al., 2019b). This high-
lights the variation in individual responses to chronic, or repeated
stressors (Dickens and Romero, 2013). Neither baseline nor stress-in-
duced Cort were impacted by the first part of the experiment (Fig. 3A).
This meant there were no alterations for the recovery groups to recover
from (Fig. 3B). This result was not surprising, however, since prior
studies have shown that European starlings take 10-12 days to exhibit
significant changes in Cort regulation (Cyr et al., 2007; Rich and
Romero, 2005). What was surprising was the distinct effects of 1 day of
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recovery on baseline and stress-induced Cort. Though this group was
not statistically different from the other groups, it appears quite visually
distinct (triangles, Fig. 3B). These birds tended to have higher baseline
Cort (Omin) and a completely absent acute response (30 min). This is
further reflected in the negative feedback strength of these birds; fol-
lowing the dexamethasone injection, birds failed to shut down the re-
lease of Cort (Fig. 3C). Both an inability to mount an acute stress re-
sponse (Fig. 3B) and failure to shut down the release of Cort (Fig. 3C)
are indicative that this aspect of the stress response is malfunctioning
(Romero, 2004).

Though initially unexpected, this pattern could indicate that after 6
consecutive days, the birds are essentially anticipating an additional
day of repeated stressors. When that does not become a reality, how-
ever, the anticipation of a stressor can itself be a stressor, and this an-
ticipation manifests itself through elevated baseline Cort and a reduced
Cort response to restraint. The physiological consequences of frustra-
tion and anticipation have been noted many times in historic studies
(reviewed by Levine et al., 1989, 1972). It is worth noting, however,
that these previous studies were not focusing on chronic stress (e.g.
random, repeated stressors) and often classified ‘stress’ as an enhanced
Cort response. Though a stronger Cort response is not the pattern we
see in this study, we think it is likely that the result presented here
indicates that 1 day of recovery was initially more disruptive to house
sparrows. A similar result has been seen in a closely related study in
which 1 day of recovery following 4 days of a stimulus resulted in a
decreased Cort response (Gormally et al., 2019b). The combination of
these studies could suggest that there is an initial minimum threshold of
time in order for recovery to be beneficial.

4.2. Recovery improves responses of other systems

While 6 days was not enough to significantly affect Cort function
and regulation, other systems were impacted by the initial experimental
protocol. Firstly, uric acid became significantly elevated following
6 days of repeated stressors (white bars, Fig. 3D). Particularly important
is that this increase subsided in all the recovery groups. Uric acid is both
the primary product of nitrogen breakdown (Wright, 1995) and also a
key antioxidant that quenches free radicals (Ames et al., 1981). Uric
acid has been shown to be elevated in response to the administration of
Cort both on a short (hours) and long (days) timescale (Lin et al.,
2004a,b). The elevation in uric acid in this study could indicate that
birds were either upregulating the breakdown of proteins or attempting
to regain redox balance through antioxidants. The former, however,
seems improbable since most proteins are only broken down as an
energy source in dire situations and only once carbohydrates and fats
have been depleted (Romero and Wingfield, 2016); it seems unlikely
that 6 days of mild, repeated stressors would have elicited this response.
Curiously, in other studies of house sparrows, uric acid has been shown
to decrease both in response to captivity (Gormally et al., 2019a) and
4 days of a single repeated stressor (Gormally et al., 2018), suggesting
that ‘chronic stress’ may not always result in elevations of the molecule.
These prior results, in conjunction with the present study, suggest that
uric acid changes in unique ways depending on the specific stimuli
being tested. Note also that, as with Cort, it currently is not known
whether increases in uric acid are reflective of the body attempting to
cope with deviations from homeostasis, or if instead the elevations
themselves are indicative of pathologies (Costantini, 2008). Whatever
the underlying cause of the increase in uric acid seen here, recovery
periods reverted the levels to pre-experiment conditions.

Recovery time also affected DNA damage, which was measured in
the nucleated red blood cells. As expected, the repeated stressors in-
creased damage (white bars, Fig. 3E). DNA damage has rarely been
studied in direct connection to repeated stressors, however one prior
study found that introduction to captivity significantly elevated damage
in house sparrows within 3 days (Gormally et al., 2019a). This damage
could be a result of a number of different mechanisms, including altered
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DNA protection and repair (Feng et al., 2012; Hara et al., 2011) or
exposure to free radicals (Bayir, 2005). Recovery time had unexpected
effects on DNA damage, with birds that had 1 day of recovery exhibiting
significantly elevated damage relative to those in the 3-day group, but
not the 6-day group. The 6-day group also had a significantly non-un-
imodal distribution (Fig. 4), a pattern that has been seen in other
chronic stress situations (Gormally et al., 2019a). This would suggest
that, as with the Cort data, there is a minimum threshold below which
recovery could actually be disruptive. The mechanisms that are causing
this relationship between stressors, recovery, and DNA damage have
not yet been elucidated, but likely involve the temporal intricacies of
red blood cell removal and replacement.

Finally, perch hopping behavior was not significantly affected by
6 days of repeated stressors, nor were there any differences between
recovery groups (Fig. 3F). In prior studies of house sparrows, shorter
periods of repeated stressors elicited decreases in both perch hopping
activity and neophobic behavior (Gormally et al., 2018; Gormally and
Romero, 2018). Other studies have shown that acute Cort administra-
tion directly upregulates hopping in other passerines (Breuner et al.,
1998). The differences in this study could again reflect the variety of
responses that particular stimuli elicit.

4.3. Prior recovery causes system-specific responses to additional repeated
stressors

As with the first part of the experiment, recovery time differentially
impacted responses to an additional 6 days of random stressors de-
pending on each system. Baseline and stress-induced Cort still were not
significantly affected by this set of stressors, nor was negative feedback
strength (Fig. 4A,B). Perhaps if the experiment had persisted for longer,
statistical significance would have emerged. It seems likely that for this
species, 12 days was at the cusp of significance. Finally, the disruptive
impacts that were seen in the 1-day group (Fig. 2B,C) seem to disappear
after the birds experience an additional round of stressors.

Immune function tended to decrease in all groups relative to the
Pre-Stress Control sample, with the birds in the 0 and 6-day groups
showing significant changes (Fig. 5C). Changes in immune function are
commonly associated with stress (reviewed by Martin, 2009). On an
acute time scale (hours to days), stress (and specifically glucocorticoids)
have been shown to enhance immunity by redistributing immune cells
(Dhabhar, 2002; Kuhlman and Martin, 2010) and stimulating the pro-
duction of cytokines including interferon gamma and interleukins 1 and
6 (Bulloch, 2001; Dhabhar et al., 2000; Spencer et al., 2001). On a
chronic time scale (weeks to months), however, stress is often asso-
ciated with immunosuppression (Cyr et al., 2007; Dhabhar and
McEwen, 1999, 1997; Gao and Deviche, 2019; Gormally et al., 2018;
McCormick et al., 2015). Despite this seemingly clear biphasic re-
sponse, many studies involving wild animals often find different results
depending on what sort of chronic stressors are being tested (e.g. cap-
tivity, repeated stressors) and which test of immune function is used
(e.g. bacterial killing assay, hemagglutination assay, inflammatory re-
sponse), suggesting more complex underlying mechanisms are in-
volved. In the present study, the results suggest that while repeated
stressors resulted in a reduction of killing capacity, longer recovery
times decrease while shorter periods enhance immune function. Addi-
tional work needs to be done to assess whether this is a biologically
relevant difference.

Though uric acid was significantly elevated after the initial 6 days of
repeated stressors (Fig. 3D), there were no differences between the
recovery groups at the final sample (Fig. 5D). Even in birds that ex-
perienced 12 consecutive days of stressors, uric acid remained at pre-
experiment levels, approximately 5 mg/dL. Avian species tend to have
substantially higher levels of uric acid relative to mammals (Costantini,
2008), and house sparrows have some of the highest levels among that
taxon (Gavett and Wakeley, 1986; Harr, 2002). The levels reported here
and in other studies of house sparrows in captivity are, on average,
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lower than those of wild birds (Gormally et al., 2019a, 2018). Without
measuring other aspects of the antioxidant system (e.g. total anti-
oxidant capacity, enzymatic antioxidants), we cannot be certain whe-
ther the changes—or lack thereof—in uric acid are reflective of changes
in nutrient source or of redox balance. Our data suggest that the tran-
sient increase in uric acid (Fig. 3D) supports the latter hypothesis be-
cause it implies that the birds were attempting to cope with free radical
production; however this enhancement could not be sustained, which is
why at the final sample there were no longer differences between the
recovery groups (Fig. 5D). If this interpretation were correct, we would
expect that continued repeated stressors would again elicit a transient
increase in uric acid in the birds regardless of exposure to recovery
periods.

This hypothesis is partially supported by the DNA damage data,
which suggests that there could have been a larger prevalence of free
radicals after 6 days of repeated stressors (white bars, Fig. 3E). After
recovery and an additional 6 days of stressors, the recovery groups do
differ, but in an unexpected way. The birds stratify from least to most
damaged, from shortest to longest recovery (Fig. S5E). The opposite
trend was expected as recovery time was thought to provide time for
the damaged red blood cells to be removed from circulation through
erythrophagocytosis and be replaced with new, young, undamaged cells
(Arias and Arias, 2017). We do not yet have enough of an under-
standing of whether or how red blood cell DNA is repaired, on what
timescale damaged red blood cells are removed, and how both these
factors interact with external stressors.

Finally, though behavior was not initially affected by the first part of
the experiment, after birds experienced the entire course of stressors
they were significantly more active than those that had any recovery at
all (Fig. 5F). Therefore, 6 days was not long enough to induce a change
in behavior, but 12 days was; and having recovery between rounds of
stressors resulted in avoidance of this effect. Few studies have examined
perch hopping as it relates to artificially induced stress (e.g. not direct
Cort administration), but it’s possible that this increase could correlate
with the birds becoming more anxious. Finally, housing condition in-
fluenced perch hopping activity with birds housed in pairs tending to be
more active than those housed alone. This effect was only detected
following the repeated stress periods, but not following recovery, sug-
gesting activity might be more sensitive to housing conditions during
challenging periods.

5. Conclusions

In this study we showed that permitting house sparrows recovery
periods in between bouts of repeated stressors can alter the impacts of
those stimuli. Of particular interest were the stark differences between
the various physiological and behavioral responses measured here. The
HPA axis regulation, immune function, antioxidant levels, DNA da-
mage, and activity each changed on distinct timescales in response to
both the repeated stressors and recoveries. This is not surprising,
however, since the stress systems interact with and influence many
aspects of physiology; even the metrics that were chosen here do not
represent the full spectrum of the effects of the stress response generally
and glucocorticoids more specifically. The concept of interdisciplinary
approaches to questions about stress are not new, however these data
further emphasize that very different conclusions can be made de-
pending on which parameters are measured in an experiment. Finally,
we feel it is important to acknowledge that there are many different
options when choosing physiological metrics. Though the ones ex-
amined here represent a broad spectrum, even more measurements are
likely be necessary to get a fully complete characterization of a
chronically stressed animal.

Acknowledgements

We thank the Tufts University animal care staff. We also thank the

General and Comparative Endocrinology 282 (2019) 113225

valuable input received from two anonymous reviewers. Funding was
provided by National Science Foundation grant IOS 1655269 to LMR.
RE and HY were both funded by National Science Foundation Research
Experience for Undergraduates grant DBI 1560380 to P. Starks.

References

Ames, B.N., Cathcart, R., Schwiers, E., Hochstein, P., 1981. Uric acid provides an anti-
oxidant defense in humans against oxidant- and radical-caused aging and cancer: a
hypothesis. Proc. Natl. Acad. Sci. U.S.A. 78, 6858-6862.

Arias, Clemente Fernandez, Arias, Cristina Fernandez, 2017. How do red blood cells know
when to die? R. Soc. Open Sci. 4. https://doi.org/10.1098/r50s.160850.

Bayir, H., 2005. Reactive oxygen species. Crit. Care Med. 33, S498-S501. https://doi.org/
10.1097/01.CCM.0000186787.64500.12.

Breuner, C.W., Greenberg, A.L., Wingfield, J.C., 1998. Noninvasive corticosterone treat-
ment rapidly increases activity in Gambel’s white-crowned sparrows (Zonotrichia
leucophrys gambelii). Gen. Comp. Endocrinol. 111, 386-394.

Bulloch, K., 2001. Regional neural regulation of immunity: anatomy and function. In:
Mcewen, B.S., Goodman, H.M. (Eds.), Handbook of Physiology; Section 7: The
Endocrine System; Vol. IV: Coping with the Environment: Neural and Endocrine
Mechanisms. Oxford University Press, New York, pp. 353-379.

Carroll, B.J., 1982. The dexamethasone suppression test. Br. J. Psychiatry 140, 292-304.
https://doi.org/10.1177/070674378302800801.

Clinchy, M., Sheriff, M.J., Zanette, L.Y., 2013. Predator-induced stress and the ecology of
fear. Funct. Ecol. 27, 56-65. https://doi.org/10.1111/1365-2435.12007.

Cohen, S.P., Janicki-Deverts, D., Miller, G.E.P., 2007. Psychological stress and disease. J.
Am. Med. Assoc. 298, 1685-1687.

Conrad, C.D., LeDoux, J.E., Magarinos, A.M., McEwen, B.S., 1999. Repeated restraint
stress facilitates fear conditioning independently of causing hippocampal CA3 den-
dritic atrophy. Behav. Neurosci. 113, 902-913.

Costantini, D., 2008. Oxidative stress in ecology and evolution: lessons from avian stu-
dies. Ecol. Lett. 11, 1238-1251.

Cyr, N.E., Dickens, M.J., Romero, L.M., 2009. Heart rate and heart-rate variability re-
sponses to acute and chronic stress in a wild-caught passerine bird. Physiol. Biochem.
Zool. 82, 332-344.

Cyr, N.E., Earle, K., Tam, C., Romero, L.M., 2007. The effect of chronic psychological
stress on corticosterone, plasma metabolites, and immune responsiveness in
European starlings. Gen. Comp. Endocrinol. 154, 59-66.

Cyr, N.E., Romero, L.M., 2007. Chronic stress in free-living European starlings reduces
corticosterone concentrations and reproductive success. Gen. Comp. Endocrinol. 151,
82-89.

Dhabhar, F., Satoskar, R., Bluethmann, H., David, J., McEwen, B., 2000. Stress-induced
enhancement of skin immune function: a role for gamma interferon. Proc. Natl. Acad.
Sci. U.S.A. 97, 2846-2851. https://doi.org/10.1073/pnas.050569397.

Dhabhar, F.S., 2002. A hassle a day may keep the doctor away: stress and the augmen-
tation of immune function. Integr. Comp. Biol. 42, 556-564.

Dhabhar, F.S., McEwen, B.S., 1997. Acute stress enhances while chronic stress suppresses
cell-mediated immunity in vivo: a potential role for leukocyte trafficking. Brain.
Behav. Immun. 11, 286-306.

Dhabhar, F.S., McEwen, B.S., 1999. Enhancing versus suppressive effects of stress hor-
mones on skin immune function. Proc. Natl. Acad. Sci. 96, 1059-1064.

Dickens, Delehanty, D.J., Romero, L.M., 2009a. Stress and translocation: alterations in the
stress physiology of translocated birds. Proc. R. Soc. London B Biol. Sci. 276,
2051-2056.

Dickens, M.J., Romero, L.M., 2013. A consensus endocrine profile for chronically stressed
wild animals does not exist. Gen. Comp. Endocrinol. 191, 177-189.

Dickens, Romero, L.M., Cyr, N.E., Dunn, I1.C., Meddle, S.L., 2009b. Chronic stress alters
glucocorticoid receptor and mineralocorticoid receptor mRNA expression in the
European starling (Sturnus vulgaris) brain. J. Neuroendocrinol. 21, 832-840.

DuRant, S.E., Arciniega, M.L., Bauer, C.M., Romero, L.M., 2016. A test of reactive scope:
reducing reactive scope causes delayed wound healing. Gen. Comp. Endocrinol. 236,
115-120.

Fair, J., Paul, E., Jones, J. (Eds.), 2010. Guidelines to the Use of Wild Birds in Research.
Ornithological Council. Ornithological Council, Washington, D.C.

Feng, Z., Liu, L., Zhang, C., Zheng, T., Wang, J., Lin, M., Zhao, Y., Wang, X., Levine, A.J.,
Hu, W., 2012. Chronic restraint stress attenuates p53 function and promotes tu-
morigenesis. Proc. Natl. Acad. Sci. 109, 7013-7018. https://doi.org/10.1073/pnas.
1203930109.

Fischer, C.P., Wright-Lichter, J., Romero, L.M., 2018. Chronic stress and the introduction
to captivity: how wild house sparrows (Passer domesticus) adjust to laboratory con-
ditions. Gen. Comp. Endocrinol. 259, 85-92. https://doi.org/10.1016/J.YGCEN.
2017.11.007.

Flint, M.S., Baum, A., Chambers, W.H., Jenkins, F.J., 2007. Induction of DNA damage,
alteration of DNA repair and transcriptional activation by stress hormones.
Psychoneuroendocrinology 32, 470-479.

French, S.S., Neuman-Lee, L.A., 2012. Improved ex vivo method for microbiocidal activity
across vertebrate species. Biol. Open 1, 482-487.

Gao, S., Deviche, P.J., 2019. The causative effects of corticosterone on innate immunity
during the stress response in the House Sparrow, Passer domesticus. Gen. Comp.
Endocrinol. 275, 30-37. https://doi.org/10.1016/j.ygcen.2019.02.002.

Gavett, A.P., Wakeley, J.S., 1986. Blood constituents and their relation to diet in urban
and rural house sparrows. Condor 279-284.

Gormally, B.M.G., Fuller, R., McVey, M., Romero, L.M., 2019a. DNA damage as an in-
dicator of chronic stress: correlations with corticosterone and uric acid. Comp.


http://refhub.elsevier.com/S0016-6480(19)30184-4/h0005
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0005
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0005
https://doi.org/10.1098/rsos.160850
https://doi.org/10.1097/01.CCM.0000186787.64500.12
https://doi.org/10.1097/01.CCM.0000186787.64500.12
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0020
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0020
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0020
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0025
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0025
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0025
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0025
https://doi.org/10.1177/070674378302800801
https://doi.org/10.1111/1365-2435.12007
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0040
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0040
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0045
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0045
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0045
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0050
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0050
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0055
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0055
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0055
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0060
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0060
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0060
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0065
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0065
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0065
https://doi.org/10.1073/pnas.050569397
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0075
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0075
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0080
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0080
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0080
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0085
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0085
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0090
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0090
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0090
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0095
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0095
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0100
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0100
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0100
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0105
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0105
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0105
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0110
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0110
https://doi.org/10.1073/pnas.1203930109
https://doi.org/10.1073/pnas.1203930109
https://doi.org/10.1016/J.YGCEN.2017.11.007
https://doi.org/10.1016/J.YGCEN.2017.11.007
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0125
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0125
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0125
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0130
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0130
https://doi.org/10.1016/j.ygcen.2019.02.002
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0140
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0140

B.M.G. Gormally, et al.

Biochem. Physiol. Part A Mol. Integr. Physiol. 227, 116-122. https://doi.org/10.
1016/j.cbpa.2018.10.007.

Gormally, B.M.G., Ramos, S., Yin, H., Romero, L.M., 2019b. Recovery periods during
repeated stress impact corticosterone and behavioral responses differently in house
sparrows. Horm. Behav. 112, 81-88. https://doi.org/10.1016/j.yhbeh.2019.04.009.

Gormally, B.M.G., Romero, L.M., 2018. House sparrows (Passer domesticus) adjusted hy-
pothalamic-pituitary-adrenal axis negative feedback and perch hopping activities in
response to a single repeated stimulus. J. Exp. Zool. Part A Ecol. Integr. Physiol. 329,
597-605. https://doi.org/10.1002/jez.2229.

Gormally, B.M.G., Wright-Lichter, J., Reed, J.M., Romero, L.M., 2018. Physiological and
behavioral responses of house sparrows to repeated stressors. PeerJ 6, e4961. https://
doi.org/10.7717/peer;j.4961.

Gyori, B.M., Venkatachalam, G., Thiagarajan, P.S., Hsu, D., Clement, M.-V., 2014.
OpenComet: an automated tool for comet assay image analysis. Redox Biol. 2,
457-465. https://doi.org/10.1016/J.REDOX.2013.12.020.

Hara, M.R., Kovacs, J.J., Whalen, E.J., Rajagopal, S., Strachan, R.T., Grant, W., Towers,
A.J., Williams, B., Lam, C.M., Xiao, K., Shenoy, S.K., Gregory, S.G., Ahn, S., Duckett,
D.R., Lefkowitz, R.J., 2011. A stress response pathway regulates DNA damage
through B2-adrenoreceptors and B-arrestin-1. Nature 477, 349-353.

Harr, K.E., 2002. Clinical chemistry of companion avian species: a review. Vet. Clin.
Pathol. 31, 140-151.

Hartigan, J.A., Hartigan, P.M., 1985. The dip test of unimodality. Ann. Stat. 13, 70-84.
https://doi.org/10.1214/a0s/1176346577.

Kuhlman, J.R., Martin, L.B., 2010. Captivity affects immune redistribution to skin in a
wild bird. Funct. Ecol. 24, 830-837. https://doi.org/10.1111/j.1365-2435.2010.
01710.x.

Landys, M.M., Goymann, W., Slagsvold, T., 2011. Rearing conditions have long-term
consequences for stress responsiveness in free-living great tits. Gen. Comp.
Endocrinol. 174, 219-224. https://doi.org/10.1016/j.ygcen.2011.08.022.

Lattin, C.R., Bauer, C.M., de Bruijn, R., Romero, L.M., 2012.
Hypothalamus-pituitary—adrenal axis activity and the subsequent response to chronic
stress differ depending upon life history stage. Gen. Comp. Endocrinol. 178, 494-501.

Lattin, C.R., Romero, L.M., 2014. Chronic stress alters concentrations of corticosterone
receptors in a tissue-specific manner in wild house sparrows (Passer domesticus). J.
Exp. Biol. 217, 2601-2608.

Levine, S., Coe, C., Wiener, S.G., 1989. Psychoneuroendocrinology of stress-a psycho-
biological perspective. In: Brush, F.R., Levine, S. (Eds.), Psychoneuroendocrinology.
Academic Press, New York, pp. 341-377.

Levine, S., Goldman, L., Coover, G.D., 1972. Expectancy and the pituitary-adrenal system.
Ciba Found. Symp. 8, 281-291.

Liebl, A.L., Martin, L.B., 2009. Simple quantification of blood and plasma antimicrobial
capacity using spectrophotometry. Funct. Ecol. 23, 1091-1096.

Lin, H., Decuypere, E., Buyse, J., 2004a. Oxidative stress induced by corticosterone ad-
ministration in broiler chickens (Gallus gallus domesticus) 2. Short-term effect. Comp.
Biochem. Physiol. Part B Cchem. Mol. Biol. 139, 745-751.

Lin, H., Decuypere, E., Buyse, J., 2004b. Oxidative stress induced by corticosterone ad-
ministration in broiler chickens (Gallus gallus domesticus) 1. Chronic exposure. Comp.
Biochem. Physiol. Part B Biochem. Mol. Biol. 139, 737-744.

Maechler, M., 2016. diptest: Hartigan’s Dip Test Statistic for Unimodality — Corrected.

Mangiafico, S., 2019. rcompanion: Functions to Support Extension Education Program
Evaluation.

Martin, L.B., 2009. Stress and immunity in wild vertebrates: timing is everything. Gen.
Comp. Endocrinol. 163, 70-76.

McCormick, G.L., Shea, K., Langkilde, T., 2015. How do duration, frequency, and in-
tensity of exogenous CORT elevation affect immune outcomes of stress? Gen. Comp.
Endocrinol. 222, 81-87.

McEwen, B.S., Wingfield, J.C., 2003. The concept of allostasis in biology and biomedicine.

General and Comparative Endocrinology 282 (2019) 113225

Horm. Behav. 43, 2-15.

Millet, S., Bennett, J., Lee, K.A., Hau, M., Klasing, K.C., 2007. Quantifying and comparing
constitutive immunity across avian species. Dev. Comp. Immunol. 31, 188-201.
Ortiz, J.B., Conrad, C.D., 2018. The impact from the aftermath of chronic stress on hip-
pocampal structure and function: is there a recovery? Front. Neuroendocrinol. 49,

114-123. https://doi.org/10.1016/j.yfrne.2018.02.005.

Ostrander, M.M., Ulrich-Lai, Y.M., Choi, D.C., Richtand, N.M., Herman, J.P., 2006.
Hypoactivity of the hypothalamo-pituitary-adrenocortical axis during recovery from
chronic variable stress. Endocrinology 147, 2008-2017. https://doi.org/10.1210/en.
2005-1041.

Park, S.E., Park, D., Il Song, K., Seong, J.K., Chung, S., Youn, I., 2017. Differential heart
rate variability and physiological responses associated with accumulated short- and
long-term stress in rodents. Physiol. Behav. 171, 21-31. https://doi.org/10.1016/j.
physbeh.2016.12.036.

Rich, E.L., Romero, L.M., 2005. Exposure to chronic stress downregulates corticosterone
responses to acute stressors. Am. J. Physiol. Regul. Integr. Comp. Physiol. 288,
R1628-R1636.

Romero, L.M., 2004. Physiological stress in ecology: lessons from biomedical research.
Trends Ecol. Evol. 19, 249-255.

Romero, L.M., Dickens, M.J., Cyr, N.E., 2009. The reactive scope model — a new model
integrating homeostasis, allostasis, and stress. Horm. Behav. 55, 375-389.

Romero, L.M., Reed, J.M., 2005. Collecting baseline corticosterone samples in the field: is
under 3 min good enough? Comp. Biochem. Physiol. Part A Mol. Integr. Physiol. 140,
73-79.

Romero, L.M., Wikelski, M., 2010. Stress physiology as a predictor of survival in
Galapagos marine iguanas. Proc. R. Soc. B Biol. Sci. 277, 3157-3162. https://doi.org/
10.1098/rspb.2010.0678.

Romero, L.M., Wingfield, J.C., 2016. Tempests, Poxes, Predators, and People: Stress in
Wild Animals and How They Cope. Oxford University Press, New York, New York,
USA.

RStudio Team, 2015. RStudio: Integrated Development for R.

Rupp, H., 1999. Excess catecholamine syndrome: pathophysiology and therapy. Ann. N.
Y. Acad. Sci. 881, 430-444.

Sapolsky, R.M., Romero, L.M., Munck, A.U., 2000. How do glucocorticoids influence
stress responses? Integrating permissive, suppressive, stimulatory, and preparative
actions. Endocr. Rev. 21, 55-89.

Schindelin, J., Arganda-Carreras, ., Frise, E., Kaynig, V., Longair, M., Pietzsch, T.,
Preibisch, S., Rueden, C., Saalfeld, S., Schmid, B., Tinevez, J.-Y., White, D.J.,
Hartenstein, V., Eliceiri, K., Tomancak, P., Cardona, A., 2012. Fiji: an open-source
platform for biological-image analysis. Nat. Methods 9, 676-682. https://doi.org/10.
1038/nmeth.2019.

Sousa, N., Lukoyanov, N.V., Madeira, M.D., Almeida, O.F.X., 2000. Reorganization of the
morphology of hippocampal neurites and synapses after stress-induced damage cor-
relates with behavioral improvement. Neuroscience 97, 253-266.

Spencer, R.L., Kalman, B.A., Dhabhar, F.S., 2001. Role of endogenous glucocorticoids in
immune system function: regulation and counterregulation. In: McEwen, B.S.,
Goodman, H. (Eds.), Handbook of Physiology; Section 7: The Endocrine System; Vol.
IV: Coping with the Environment: Neural and Endocrine Mechanisms. Oxford
University Press, New York, pp. 381-423.

Tomczak, M., Tomczak, E., 2014. The need to report effect size estimates revisited. An
overview of some recommended measures of effect size. Trends Sport Sci. 1, 19-25.
https://doi.org/10.7326,/0003-4819-159-3-201308060-00005.

Wingfield, J.C., Vleck, C.M., Moore, M.C., 1992. Seasonal changes of the adrenocortical
response to stress in birds of the Sonoran desert. J. Exp. Zool. 264, 419-428.

Wright, P.A., 1995. Nitrogen excretion: three end products, many physiological roles. J.
Exp. Biol. 198, 273-281.


https://doi.org/10.1016/j.cbpa.2018.10.007
https://doi.org/10.1016/j.cbpa.2018.10.007
https://doi.org/10.1016/j.yhbeh.2019.04.009
https://doi.org/10.1002/jez.2229
https://doi.org/10.7717/peerj.4961
https://doi.org/10.7717/peerj.4961
https://doi.org/10.1016/J.REDOX.2013.12.020
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0170
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0170
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0170
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0170
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0175
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0175
https://doi.org/10.1214/aos/1176346577
https://doi.org/10.1111/j.1365-2435.2010.01710.x
https://doi.org/10.1111/j.1365-2435.2010.01710.x
https://doi.org/10.1016/j.ygcen.2011.08.022
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0195
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0195
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0195
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0200
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0200
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0200
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0205
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0205
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0205
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0210
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0210
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0215
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0215
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0220
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0220
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0220
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0225
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0225
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0225
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0240
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0240
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0245
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0245
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0245
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0250
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0250
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0255
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0255
https://doi.org/10.1016/j.yfrne.2018.02.005
https://doi.org/10.1210/en.2005-1041
https://doi.org/10.1210/en.2005-1041
https://doi.org/10.1016/j.physbeh.2016.12.036
https://doi.org/10.1016/j.physbeh.2016.12.036
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0275
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0275
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0275
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0280
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0280
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0285
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0285
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0290
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0290
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0290
https://doi.org/10.1098/rspb.2010.0678
https://doi.org/10.1098/rspb.2010.0678
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0300
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0300
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0300
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0310
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0310
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0315
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0315
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0315
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1038/nmeth.2019
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0325
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0325
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0325
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0330
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0330
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0330
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0330
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0330
https://doi.org/10.7326/0003-4819-159-3-201308060-00005
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0340
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0340
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0345
http://refhub.elsevier.com/S0016-6480(19)30184-4/h0345

	Recovery from repeated stressors: Physiology and behavior are affected on different timescales in house sparrows
	Introduction
	Materials &#x200B;&&#x200B; methods
	Experimental design
	Blood sampling
	Behavioral sampling
	Corticosterone assays
	Uric acid fluorometric assays
	Comet assays
	Bacterial killing assays
	Statistical analyses

	Results
	Comparisons 1 and 2—Impacts of recovery following repeated stressors
	Comparison 3—Impacts of repeated stressors after recovery

	Discussion
	Short recoveries negatively impact Cort regulation
	Recovery improves responses of other systems
	Prior recovery causes system-specific responses to additional repeated stressors

	Conclusions
	Acknowledgements
	References




