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A novel antibody-based protein microarray was developed that simultaneously determines expression of 31 stress-associated
proteins in skin samples collected from free-ranging grizzly bears (Ursus arctos) in Alberta, Canada. The microarray determines
proteins belonging to four broad functional categories associated with stress physiology: hypothalamic-pituitary-adrenal
axis proteins, apoptosis/cell cycle proteins, cellular stress/proteotoxicity proteins and oxidative stress/inflammation proteins.
Small skin samples (50-100 mg) were collected from captured bears using biopsy punches. Proteins were isolated and labelled
with fluorescent dyes, with labelled protein homogenates loaded onto microarrays to hybridize with antibodies. Relative pro-
tein expression was determined by comparison with a pooled standard skin sample. The assay was sensitive, requiring 80 uig
of protein per sample to be run in triplicate on the microarray. Intra-array and inter-array coefficients of variation for individual
proteins were generally <10 and <15%, respectively. With one exception, there were no significant differences in protein
expression among skin samples collected from the neck, forelimb, hindlimb and ear in a subsample of n = 4 bears. This sug-
gests that remotely delivered biopsy darts could be used in future sampling. Using generalized linear mixed models, certain
proteins within each functional category demonstrated altered expression with respect to differences in year, season, geo-
graphical sampling location within Alberta and bear biological parameters, suggesting that these general variables may influ-
ence expression of specific proteins in the microarray. Our goal is to apply the protein microarray as a conservation physiology
tool that can detect, evaluate and monitor physiological stress in grizzly bears and other species at risk over time in response
to environmental change.
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Introduction

Anthropogenic landscape modification is considered to be the
principal threat to global biodiversity (Lindenmayer and
Fischer, 2006). Climate change, habitat loss and habitat frag-
mentation impact many organisms, but species that are highly
specialized, sensitive to disturbance and/or dependent upon
particular ecological conditions at specific times of the year
appear most vulnerable (Wittmer et al., 2007; Durner et al.,
2009). Limited reproductive capacity, low population density
and large home range requirements make large mammalian
carnivores, such as grizzly bears (Ursus arctos), inherently
more susceptible to environmental change (Weaver er al.,
1996). Grizzly bear populations in Alberta, Canada have been
studied extensively over the past 15 years and have been listed
by the provincial government as threatened (Alberta
Sustainable Resource Development, 2010). It has been pre-
dicted that grizzly bears will continue to experience habitat
alterations and population declines in Alberta (Benn and
Herrero, 2002; Nielsen et al., 2004b, 2008; Boulanger and
Stenhouse, 2014), thus threatening the sustainability of cer-
tain populations.

Landscape change may not only have a direct effect on
wildlife by altering habitats, but may also have an indirect
effect more difficult to measure by acting as a source of long-
term physiological stress. In disturbed areas, normal behav-
iour, life-history traits and intra- or inter-specific interactions
may be altered, forcing wildlife species to cope with stressors
exceeding those encountered in unaltered habitat (Wikelski
and Cooke, 2006). Although the physiological response to
short-term stress is adaptive, long-term stress (lasting weeks
to months) may lead to a pathological syndrome of impaired
reproduction, immunosuppression and diminished growth
(Moberg, 2000; Boonstra, 2005; Wikelski and Cooke, 2006).
Measures of population performance (i.e. demographic rates)
and abundance may be affected negatively as the proportion
of individuals in a population experiencing impaired health
owing to long-term stress increases (Sheriff ez al. 2011; Perez-
Heydrich et al. 2012). However, most evidence for linkages
between long-term stress and pathology arises from biomedi-
cal literature. It has recently been argued that in certain wild
species, long-term stress arising from natural stressors may be
adaptive and continue to promote fitness (Boonstra, 2013).
Long-term physiological stress in individual animals may
therefore be an important mechanism linking environmental
change with impaired wildlife health. There is, however, a
need for better understanding of both positive and negative
influences of long-term stress in free-ranging wildlife.

If wildlife is adversely affected by anthropogenic landscape
change, biological markers of long-term physiological stress
should be measurable in individuals before adverse effects are
apparent at the population level. Reliable tools to assess long-
term stress in free-ranging wildlife are lacking, and the devel-
opment of such techniques will enhance our understanding of
the effects of environmental stressors on wildlife (Reeder and
Kramer, 2005; Russell ez al., 2012). The development and
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validation of such tools would facilitate the monitoring of
population performance and might provide an opportunity to
alleviate environmental stressors before they impact popula-
tions. The term ‘ecological forecasting’ has been used to
describe the need for novel markers of physiological function
that can be used for the conservation and recovery of wildlife
species at risk (Clark et al., 2001).

Protein microarrays are a promising tool for analysis of
multiple protein-level changes in cells responding to varying
stimuli and have been successfully used for quantitative pro-
teomics, clinical diagnostics and biomarker-directed drug dis-
covery in human biomedical sciences (Cutler, 2003; Haab,
2003; Kingsmore, 2006; Sun et al., 2013). As a logical evolu-
tion of technology used in miniaturized DNA assemblies on
chips, protein microarrays consist of a series of capture mol-
ecules (usually antibodies) that are spotted onto known loca-
tions on a matrix, allowing the determination of increased or
decreased protein expression compared with a reference sam-
ple. The need for protein arrays stems from the often poor
correlation observed between mRNA and protein expression
in cells (Cutler, 2003). Advantages of protein microarrays over
traditional protein separation and identification techniques
include enhanced throughput, speed and sensitivity and mini-
mal sample consumption. Minimal sample consumption is
especially beneficial for monitoring wildlife in a non-lethal
manner.

The objective of the present study was to develop and vali-
date an antibody-based protein microarray that can detect
changes in a suite of stress-associated proteins in skin biopsy
samples collected from free-ranging grizzly bears in Alberta.
The broader goal was to develop a monitoring tool to assist
wildlife managers in identifying and evaluating grizzly bear
populations at risk, with potential application to other wild-
life species.

Materials and methods

The Foothills Research Institute (FRI) Grizzly Bear project
captured grizzly bears in western Alberta, Canada encompass-
ing the area from the Montana, USA border north into the
boreal forest and centrally to the Swan Hills from 2004 to
2012. Capture locations represented six distinct bear manage-
ment areas (BMAs) within Alberta (Swan Hills, Grande
Cache, Yellowhead, Clearwater, Livingstone and Castle),
which are delineated by major east-west highways (Cattet
et al.,2014). Capture methods included leg-hold snare, remote
drug delivery from helicopter, and culvert traps (see Cattet
et al., 2008 for a detailed capture and handling protocol).
A premolar tooth was extracted from bears captured for the
first time and appearing to be older than 1 year, to estimate
age by counting cementum annuli (Stoneberg and Jonkel,
1966). All skin samples (7 =139) were collected from cap-
tured bears using a biopsy punch (Miltex Inc., York, PA, USA)
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or biopsy dart (Paxarms NZ Ltd, Timaru, New Zealand).
Samples were immediately placed in a cooler on ice, frozen
within 1-4 h in liquid nitrogen or on dry ice, and kept frozen
until storage at —80°C at the University of Saskatchewan. This
protocol was approved by the University of Saskatchewan
University Committee on Animal Care and Supply and by the
Animal Care Committee of Alberta Environment and
Sustainable Resource Development each year for the duration
of the project. The protocol was in accordance with guidelines
of the American Society of Mammalogists Animal Care and
Use Committee (Sikes et al., 2011) and the Canadian Council
on Animal Care (CCAC, 2003).

In addition to the small (approximately 50-100 mg) skin
biopsy samples collected from captured bears, larger pieces of
skin (approximately 50-100 g) were opportunistically col-
lected from six bears that died through bear management
measures or self-defense actions or were killed by another
predator. The larger bulk quantities of skin from these bears
were used for development of the stress protein microarray.
Before storage at —=80°C, any external hair and attached mus-
cle tissue on all skin samples was removed using a scalpel.
Protein isolation and labelling and the microarray procedure
followed methods outlined by Haab and Zhou (2004). Frozen
grizzly bear skin samples were ground to powder under liquid
nitrogen using a pre-chilled mortar and pestle. Proteins were
isolated from ground samples by adding 10 ml of lysis buffer
[50 mM HEPES pH 7.0, 5 mM EDTA, 50 mM NaCl, 10 mM
sodium pyrophosphate, 50 mM NaF, 10 mM sodium vana-
date, 1% Nonidet P-40 and complete protease inhibitor
(Roche, Toronto, ON, Canada)] per gram of tissue and incu-
bating for 15 min on ice. After centrifuging the lysed samples “at
5000 g for 20 minutes at 4C,” the supernatant was collected,
concentrated using centrifugal filters (Ultracel YM-10; Millipore,
Bedford, MA, USA) and stored at —80°C. Protein concentra-
tions were determined using a modified Lowry et al. (1951)
assay (DC protein assay; BioRad, Hercules, CA, USA).

Identification of antibodies for use in the
microarray

To identify a suite of commercially available antibodies that
specifically recognized stress-associated proteins in grizzly
bear skin, 285 antibodies from 19 companies were screened
using western blotting. Isolated proteins from the bulk skin
samples were denatured and separated by size with sodium
dodecyl sulfate-polyacrylamide gel electrophoresis using 7.5,
12.5 or 15% acrylamide gels. Proteins in each gel were trans-
ferred to 0.22 pwm nitrocellulose membranes (GE Healthcare,
Picataway, NJ, USA) and detected using enhanced chemilumi-
nescence (ECL Plus; GE Healthcare). The size of the resultant
band(s) was determined through comparison with molecular
standards (Kaleidoscope prestained standards 161-0324 or
Precision Plus Kaleidoscope 161-0375; BioRad), and only
those antibodies that recognized protein bands of the correct
molecular weight were selected as positive. Additionally, those
antibodies that recognized additional non-specific bands were
rejected. This resulted in the identification of 31 antibodies for
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subsequent microarray development based on those display-
ing a strong signal and low non-specific binding (Table 1). The
stress-associated proteins recognized by these antibodies were
classified into four functional categories: hypothalamic—pitu-
itary—adrenal (HPA) axis proteins, apoptosis and cell cycle
(ACC) proteins, cellular stress and proteotoxicity (CSP) pro-
teins and oxidative stress and inflammation (OSI) proteins
(Table 1).

Protein microarray development

Microarrays were printed (i.e. antibodies immobilized onto
3 cm x 8 cm glass slides) by First Phase Technologies (Tempe,
AZ,USA) onto Full Moon BioSystems (Sunnyvale, CA, USA)
protein array substrate slides. Initially, a prototype microarray
was printed and used to test methods of isolating replicate
arrays on each slide, selecting blocking buffers and wash buf-
fers, selecting the appropriate antibody dilution and optimiz-
ing the time of incubation. Once this initial validation was
completed, final protein microarrays were produced. Six

Table 1: List of 31 stress-associated proteins, separated by functional
category, detected using the microarray

Abbreviations, commercial antibody suppliers and catalogue numbers are in
parentheses.
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replicate microarrays were printed onto each slide, with each
array consisting of 36 spots in a 6 x 6 grid consisting of the 31
antibodies specific for grizzly bear stress proteins. The remain-
ing five spots on each array consisted of a negative control
(print buffer), a positive control (CyS-labelled protein sup-
plied by the manufacturer) and a dilution series of anti-cyto-
keratin antibody printed at 1:1, 1:5 and 1:25 dilutions in print
buffer. Based on results from the antibody dilutions on the
prototype microarrays, all other antibodies were diluted 1:1
in print buffer. Once printed, microarrays were stored at room
temperature in a sealed desiccator until use.

In order to detect proteins that were specifically bound to
the antibodies on the array, proteins were labelled with the
fluorescent cyanine dyes Cy3 and Cy3 following the protocol
provided by the manufacturer (GE Healthcare). Portions of
the six bulk samples of bear skin were homogenized sepa-
rately, and an equal amount of protein from each of the six
bears was combined to create a pooled standard, which was
labelled with Cy3. Individual bear samples were labelled with
CyS, and the relative fluorescence compared with the Cy3-
labelled pooled standard was determined.

Silicone isolators (Grace Bio-Labs, Bend, OR, USA) were
clamped onto microarray slides in order to separate the six rep-
licate arrays and create discrete wells on the slide. Arrays were
blocked prior to use by incubation with 1% bovine serum albu-
min, rinsed with double-distilled water (ddH,O), then washed
five times with phosphate-buffered saline containing 0.5%
Tween-20 (0.5% PBST, pH 7.4), washed three more times with
ddH, O and finally dried under a gentle stream of N,. Equal
amounts of protein (80 pg) from the dye-labelled pooled stan-
dard and individual bear sample were combined and then
added to each of three arrays on a slide, with two individual
bear samples applied per slide. Thus, each sample was run in
triplicate if sufficient sample protein was available, which
occurred with 136 of 139 skin samples. The remaining three
samples were run in duplicate. The hybridization reaction was
incubated for 1 h with agitation, then rinsed sequentially with
0.1% PBST and ddH,O and dried under N, before scanning.

Array scanning was conducted using an Axon Instruments
GenePix 4000B scanner (Molecular Devices, Sunnyvale, CA,
USA) and GenePix Pro 6.1 software. Scans were performed at
635 and 532 nm, the excitation wavelengths of Cy5 and Cy3,
respectively. Scanned images of each slide were carefully
checked for saturated pixels, missing or malformed spots,
scratches, debris and background inconsistencies that might
affect the spot values (Kingsmore, 2006; Romanov et al.,
2014). Scanned fluorescence values of each of 31 stress-asso-
ciated proteins from each individual grizzly bear sample run
in triplicate (for 136 bears) or duplicate (for three bears) on
the microarray were standardized by dividing by the fluores-
cence value obtained from the pooled grizzly bear standard.
Thus, each grizzly bear sample produced triplicate or duplicate
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values for the expression of each stress-associated protein in
relationship to the same standard sample. These triplicate or
duplicate values were averaged to provide a single relative
protein expression value to be used for statistical analyses.

A series of preliminary laboratory validation experiments
were conducted using bulk skin samples before running sam-
ples from individual bears biopsied in the field. As measures of
precision, a bulk skin sample was initially run on two separate
microarrays, and the coefficient of variation (SD/mean x
100%) was calculated to determine intra-array (7 = 6) and
inter-array (n = 12) variation for each of the 31 proteins.

Antibody dilution and protein quantity experiments

A dilution series of an anti-cytokeratin antibody was printed
on each array at dilutions of 1:1, 1:5 and 1:25 in print buffer
and used to determine the potential effect of antibody dilution
on measured relative cytokeratin expression. In addition, var-
ious quantities of protein (80, 20 and 10 ug) obtained from
n =4 bulk skin samples were run on microarrays in order to
determine the relative sensitivity when using small quantities
of protein that might be obtained from samples collected in

the field.

Protein degradation and tissue preservative
experiments

A potential application of the protein microarray in the con-
servation biology of grizzly bears is the ability to use inciden-
tal samples that become available periodically, such as
management kills, self-defense kills and recent road or train
kills. In these situations, immediate refrigeration or freezing of
tissue samples is often not possible. Thus, to determine what
effect time at ambient temperature would have on the protein
expression in tissues, bulk skin samples from 7 = 3 bears were
subsectioned and held at room temperature for 0,4, 8,12, 24
or 48 h. At the end of each time at room temperature, samples
were flash frozen in liquid nitrogen and then processed as
described previously.

RNAlater® (Applied Biosystems, Foster City, CA, USA) is a
preservative that retards RNA degradation and is commonly
used by researchers involved in wildlife studies. To determine
the potential effects of RNAlazer® on protein expression and
determine whether it could slow protein degradation at ambi-
ent temperature, skin samples from 7 = 3 bears were subsec-
tioned, either immersed in 400 pl of RNAlazer® (preserved) or
placed in a capped vial (unpreserved), held at room tempera-
ture for 24 h and then flash frozen in liquid nitrogen. Protein
expression was determined in preserved and unpreserved sam-
ples held for 24 h in comparison to subsectioned samples
thawed on ice and not subjected to time at room temperature.

Comparison of skin sampling locations

To assess whether body location had an effect on protein
expression in skin biopsies, multiple locations on the body
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[ear, neck, forelimb (in the area of the triceps muscle) and
hindlimb (in the area of the quadriceps muscles)] were sam-
pled from a subset of 7 =4 bears and compared using the
microarray.

Statistical analyses of laboratory
validation experiments

We used generalized linear mixed models (GLMMs; Zuur et al.,
2013) to evaluate the effects of antibody dilution, protein quan-
tity, time stored at ambient temperature, tissue preservative and
skin sampling location. The relationships between response
(mean protein expression) and independent variables were
modelled using a y distribution and log link because protein
expression values are always positive and usually distributed
with a positive skew. For expediency, we modelled relationships
on the basis of the four functional groups rather than the 31
individual proteins, except for the antibody dilution experi-
ment, which focused on the expression of a single protein (cyto-
keratin). Although this assumed that each protein within a
functional group would respond in the same manner, we recog-
nized that this might not always be the case. Protein was there-
fore also included in models as a fixed factor in addition to the
potential effects of interest (i.e. antibody dilution, protein quan-
tity, etc). The source of skin samples and individual identity of
bears were included in the models as random effects. We used
the ‘glmer’ function in package ‘lme4’ (Bates et al., 2014) in
R 3.1.2 (R Core Team, 2014) for model development. For mod-
els in which the potential effect of interest was significant
(P <0.05), we compared mean protein expression among all
possible pairs by Tukey’s HSD (honest significant difference)
test using the ‘glht’ function in package ‘multcomp’ (Hothorn
etal.,2008) in R 3.1.2 (R Core Team, 2014).

Associations between protein expression,
biology, location and season
As an initial step towards our goal of validating the protein

microarray as a conservation tool, we used GLMMs (Zuur
et al., 2013) to evaluate the effects of biology (sex and age),
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location (BMA), year (2004-2012, excluding 2009) and season
(hypophagia, early hyperphagia and late hyperphagia) on the
mean expression for each of 31 proteins. Sex was divided into
three categories as male, solitary female and adult female
accompanied by dependent offspring. Geographical location,
year and season were considered as broad surrogate measures
representing numerous environmental factors that we will eval-
uate in greater depth in future analyses. We used seasons based
on grizzly bear feeding habits as defined by Nielsen et al.
(2004a), where: (i) hypophagia is the period from den emer-
gence (typically in April) to 14 June; (ii) early hyperphagia is
from 15 June to 7 August; and (iii) late hyperphagia is from 8
August to den entry, which is typically in November. The unique
identity of 119 bears sampled at 139 captures (i.e. multiple
samples from some bears) was included in the models as a ran-
dom effect, as was the batch identity of protein microarrays to
adjust for potential differences between batches. For these anal-
yses, we selected the most parsimonious model of eight possible
a priori combinations of variables (Table 2), including a null
model, based on differences in the Akaike’s information criteria
corrected for small sample sizes (AAIC_; Anderson, 2008). We
used the ‘glmer” function in package ‘lme4” (Bates et al., 2014)
for model development in R 3.1.2 (R Core Team, 2014). Our
intent with these analyses was simply to determine whether
skin protein expression in grizzly bears was influenced by bio-
logical and/or environmental factors.

Results

Laboratory validation

A total of 285 commercially available antibodies to stress-
associated proteins were evaluated for their ability to cross-
react with proteins in grizzly bear skin. Of these, 31 antibodies
recognized grizzly bear proteins and were used to develop the
protein microarray (Table 1). Polyclonal antibodies made up
the majority (26 of 31) of antibodies selected for the microar-
ray. Based on their primary functions, each protein was classi-
fied into one of the following four categories: (1) proteins

Table 2: Models selected a priori to evaluate the effects of biology (sex and age), location (bear management area), year (2004-2012, excluding
2009) and season (hypophagia, early hyperphagia and late hyperphagia) on the mean expression for each of 31 proteins
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associated with the hypothalamic—pituitary—adrenal (HPA)
axis; (2) proteins associated with apoptosis and cell cycle
(ACC); (3) proteins associated with cellular stress and proteo-
toxicity (CSP); and (4) proteins associated with oxidative
stress and inflammation (OSI; Table 1).

A series of laboratory validation experiments were con-
ducted to determine the performance of the microarray. To
determine the consistency of protein expression obtained within
a microarray slide (consisting of six individual arrays) and
between microarray slides (12 individual arrays), intra-array
and inter-array variation, respectively, was determined. Intra-
array variation was <10% for 28 of 31 proteins, and between
10-15% and for three of 31 proteins (data not shown). Inter-
array variation was <15% for 27 of 31 proteins, and between
15 and 18% for four of 31 proteins (data not shown).

The anti-cytokeratin antibody was printed on each micro-
array at 1:1, 1:5 and 1:25 dilutions in printing buffer.
Increasing dilution of anti-cytokeratin antibody had a signifi-
cant effect on measured cytokeratin expression (GLMM,
P <0.001, 7 = 82 skin samples; Fig. 1). Each antibody dilution
was significantly different from each other, and there was
decreased cytokeratin expression with increasing dilution
(Tukey’s HSD test, P < 0.001). In addition, inconsistencies in
spot morphology (reduced size, irregular shape and missing
centre) were commonly observed with increasing antibody
dilutions.

Processing of the 50-100 mg skin biopsy samples from
individual bears captured in the field consistently provided
yields of 80 ug of protein, which allowed each sample to be
loaded in triplicate on each microarray. To determine whether
lesser quantities of protein would provide similar protein
expression levels, 10, 20 or 80 pug of protein were run on the
microarray. For HPA axis and OSI protein categories, mean
protein expression was similar among protein quantities
(Tukey’s HSD test, P > 0.12 for three categories; Fig. 2). Mean

1.20
1.10 - a
1.00 +
0.90 b

0.80 -

(mean 1 95% Cl)

0.70 +

Cytokeratin expression

0.60 T T 1
1:1 1:5 1:25

Antibody dilution

Figure 1: Mean relative cytokeratin expression in 82 grizzly bear skin
samples in relationship to three different dilutions (1:1, 1:5 and 1:25) of
an anti-cytokeratin antibody. Significant differences (P < 0.05) between
means are based on Tukey’s HSD test and are indicated by a > b > c.
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1.40 1
1.20 1
1.00 4 + +
0.80
32 24 24
0.60 (32) : (24) : (24) |
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Protein quantity (ug)

Figure 2: Mean relative protein expression in relationship to different
quantities of protein isolated from skin samples collected from four
grizzly bears. The number of observations at each protein quantity is
provided in parentheses and was calculated as the number of skin
samples (four) multiplied by the number of proteins per functional
group (HPA axis, 6; ACC, 8; CSP, 9; and OSI, 8) minus the number of
missing values. Significant differences (P < 0.05) between means are
based on Tukey’s HSD test and are indicated by a > b, a > ab and

ab > b. Abbreviations: ACC, apoptosis and cell cycle; CSP, cellular stress
and proteotoxicity; HPA, hypothalamic-pituitary—adrenal; and OSlI,
oxidative stress and inflammation.

protein expression was also similar among protein quantities
in the ACC protein category, but expression with the 20 pg
quantity was only marginally non-significant in comparison
with expression with the 10 (Tukey’s HSD test, P = 0.09) and
80 ug quantities (Tukey’s HSD test, P = 0.08). For CSP pro-
teins, less protein expression was observed with 20 rather
than 10 pg of loaded protein (Tukey’s HSD test, P = 0.04).

Two internal control spots were included within each
microarray in an attempt to allow standardization among
arrays. The negative control spot consisted of a single print
buffer, but inconsistencies in spot morphology, size and other
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irregularities during scanning did not allow it to be used con-
sistently as an internal control for potential background fluo-
rescence. The positive control consisted of a Cy5-labelled
protein that was supplied by the manufacturer during microar-
ray printing. However, this spot did not fluoresce during scans
of microarrays at the appropriate excitation wavelength, pos-
sibly because of dye degradation. For these reasons, the inter-
nal controls were not used to standardize among microarrays
when analysing individual grizzly bear skin samples.

Although immediate freezing of skin samples collected
from grizzly bears in field studies is ideal, in practice this is not
always logistically possible. Thus, it was of interest to deter-
mine the protein expression levels for subsections of skin from
three grizzly bears that varied in time (4—48 h) held at room
temperature before frozen storage. For HPA axis, ACC and
OSI proteins, an inverse significant relationship with time at
room temperature was found (GLMMs, P <0.001, P <0.001
and P =0.006, respectively; Fig 3). For CSP proteins, time at
room temperature was directly related to protein expression
(GLMM, P = 0.024; Fig. 3).

To determine what effect the commonly used preservative
RNAlater®, in comparison to no preservative, might have on
protein expression in samples that had undergone potential
protein degradation, an experiment was conducted with sub-
sectioned grizzly bear skin from three individual bears sub-
jected to 24 h at room temperature either immersed in
RNA/ater® or unpreserved. For unpreserved samples, there
was significantly less HPA axis protein expression at 24 than
at 0 h (Tukey’s HSD test, P = 0.040), with a similar but non-
significant trend for ACC (P =0.126), CSP (P =0.547) and
OSI proteins (P = 0.083; Fig. 4). For CSP proteins treated with
RNAlater®, there was significantly greater protein expression
at 24 than at 0 h (P =0.032; Fig. 4).

Samples from different skin locations on four grizzly bears
(ear, neck, forelimb and hindlimb) were evaluated to determine
whether there were differences in protein expression according
to body location. There were no significant differences in pro-
tein expression among skin locations for HPA axis, ACC or OSI
proteins (Tukey’s HSD tests, P > 0.5935; Fig. 5). Protein expres-
sion of CSP proteins was significantly greater in skin collected
from hindlimb compared with neck (P =0.0135; Fig. 5).

Although protein expression in association with protein
quantity, time stored at ambient temperature, tissue preserva-
tive and skin sampling location was generally similar among
individual proteins within functional categories (results not
shown), protein expression differed based mostly on location
and year, but also to a lesser degree on bear biology and sea-
son (Tables 3-6). Either a time-only model (model 4 in
Table 2) or a location and time model (model 7 in Table 2)
was selected as the top model for all but two of 31 proteins
(Tables 3-6), with time consistently selected as an influential
variable in all top models.

Although the geographical location and time model was
selected more often than the time-only model as top model
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Figure 3: The effect of storage at 21°C for different periods of time
(0,4, 8,12, 24 or 48 h) prior to flash freezing on the mean relative
protein expression in skin samples collected from three grizzly bears.
The number of observations at each time point ranged from 18 to 27
and was calculated as the number of skin samples (three) multiplied
by the number of proteins per functional group (HPA axis, 6; ACC, 8;
CSP, 9; and OSl, 8). There were no missing values. The time coefficients
(B,) and their statistical significance were determined by including time
(t) as a covariate in generalized linear mixed models, one for each
functional group, which also included the group-specific proteins as a
fixed effect and the individual bears as a random effect. However, the
lines were determined by simple linear regression between protein
expression and time and are intended only as a visual aid.
Abbreviations are as in the legend to Fig. 2.

(16 vs. 13 times), we could not distinguish clearly between
location and time effects because the sampling of locations
among years was inconsistent. For example, samples were not
obtained from the three southernmost BMAs (Castle,
Livingstone and Clearwater BMAs) after 2008. Likewise, the
Swan Hills BMA was sampled only in 2005 and 2006.

Irrespective of protein category, the expression of many
proteins was greater in 2005 (24 of 31 proteins based on 28
skin samples) and 2006 (13 of 31 proteins based on 21 skin
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Figure 4: The effect of an RNA stabilization and storage reagent
(RNA/ater®) on the mean relative protein expression in skin samples
that were collected from three grizzly bears and held at 21°C for 24 h
before flash freezing. The number of observations at each treatment
ranged from 18 to 27 and was calculated as the number of skin
samples (three) multiplied by the number of proteins per functional
group (HPA axis, 6; ACC, 8; CSP, 9; and OSI, 8) minus the number of
missing values. Significant differences (P < 0.05) between means are
based on Tukey’s HSD test and are indicated by a > b. Abbreviations
are as in the legend to Fig. 2.

samples) than in 2004 (19 skin samples; Tables 3-6). In 2007
(18 skin samples), protein expression of four proteins was
greater than in 2004, but the expression of another 13 pro-
teins was on the borderline (the lower end of the credible
interval was slightly <0) of being greater than in 2004. Protein
expression was different in 2008 relative to earlier years in
that the expression of five proteins, three in the CSP category
(Table 5) and two in the OSI category (Table 6), was less than
in 2004. From 2010 to 2012, the expression of some proteins
was greater (annexin II, annexin IV, cytokeratin, HSP60 and
HSP110), whereas the expression of other proteins was less
(GAPDH, GRP78/BIP, HSP27, CCRS and PRDX3) than in
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Figure 5: The effect of biopsy location (ear, neck, forelimb or
hindlimb) on the mean relative protein expression in skin samples that
were collected from four grizzly bears. The number of observations at
each protein quantity ranged from 24 to 36 and was calculated as the
number of skin samples (four) multiplied by the number of proteins
per functional group (HPA axis, 6; ACC, 8; CSP, 9; and OSl, 8). There were
no missing values. Significant differences (P < 0.05) between means
are based on Tukey’s HSD test and are indicated by a > b, a > ab and
ab > b. Abbreviations are as in the legend to Fig. 2.

2004 (Tables 4-6). In addition, the credible intervals for pro-
tein expression in 2010-2012 were generally two to three
times greater than in preceding years.

Among geographical locations, POMC expression was less
in samples collected from the Castle and Livingstone BMAs
than in samples from other BMAs (Table 3). The expression of
CCRS was also less in samples collected from the Castle BMA
than in samples collected from the Yellowhead, and possibly
Clearwater and Grande Cache, BMAs (Table 6). The expres-
sion of POMC and CCRS also differed by season, with lowest
expression in samples collected during early hyperphagia (15
June to 7 August ). In contrast, HSP27 and PRDX3 expression
was greater in samples collected during early hyperphagia
than in samples collected at other times of the year (Tables 5
and 6).
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Toolbox

Expression of CCRS in samples collected from male grizzly
bears was greater than in samples collected from females
(Table 6). However, this sex class difference was most evident
during early hyperphagia (i.e. sex X season interaction), but
less so during other times of the year. Expression of POMC
was also greater in samples collected from males than from
females during early hyperphagia, but overall the sex class
differences were more subtle for this protein (Table 3).

Discussion

Protein microarray technologies have made substantial recent
progress in areas of human health and drug discovery and
have become a dominant method in proteomics research
(Chaerkady and Pandey, 2008; Sun ef al., 2013). However,
applications to wildlife conservation are currently lacking. To
our knowledge, this study is the first to describe a protein
microarray developed specifically for a wildlife species. The
need for such an approach arises from the realization that
physiological measures of compromised health in individuals,
such as measures of stress, can provide early, sensitive warn-
ings that may forecast subsequent impairment of wildlife
population dynamics (Clark et al., 2001; Wikelski and Cooke,
2006). Given that anthropogenic landscape change is a major
threat to wildlife populations worldwide (Lindenmayer and
Fischer, 2006), there is a call for the development of novel
measures of individual animal physiology and pathology that
use modern approaches applied successfully in areas of human
biomedical research. The advantages of protein microarrays
compared with traditional protein separation and identifica-
tion techniques, such as enzyme-linked immunosorbent
assays, western blotting and two-dimensional gel electropho-
resis, include the ability to multiplex protein detection on a
single platform, high throughput and reduced sample con-
sumption (Kingsmore, 2006; Sun et al., 2013).

The initial development of the grizzly bear protein micro-
array involved extensive laboratory work to identify a suite of
antibodies that cross-reacted with stress-associated proteins in
grizzly bear skin. We first attempted to use three commercially
available protein microarrays for this purpose, which were
designed for basic research in laboratory rodents and for diag-
nostic purposes in humans (Kopf et al., 2005). However, very
few antibodies on the commercial arrays cross-reacted with
grizzly bear proteins. Further testing of potential antibodies
from the commercial arrays using western blotting identified
only one antibody (HSP27) that cross-reacted with grizzly
bear skin protein. This reinforced the need to test individual
commercial antibodies for their ability to recognize grizzly
bear proteins of interest. In the end, 31 antibodies of stress-
associated proteins were identified and used to create the pro-
tein microarray in the present study. The proteins included a
variety of hormones, receptors, enzymes and cell signalling
molecules that were classified into four broad functional cat-
egories associated with physiological stress (HPA axis, ACC,
CSP and OSI; Table 1), which are often up-regulated in
response to acute and chronic stress.
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Toolbox

Inconsistencies in antibody printing and protein capture
have been recognized as important factors that limit the use of
protein microarray technologies (Kingsmore, 2006; Romanov
et al.,2014). The microarray described herein displayed excel-
lent precision, with intra-array variation below 10% and
inter-array variation below 15% for the majority of proteins.
The biopsy devices used in the present study provided between
50 and 100 mg of skin from a single biopsy, which consis-
tently yielded 80 ug of protein to be used in triplicate for each
determination. Lesser quantities of protein (10 and 20 pg)
produced similar protein expression values, suggesting that
smaller skin specimens might also be effective. Experiments
with various dilutions of antibody indicated that a 1:1 ratio of
antibody to print buffer was optimal. Greater dilutions caused
inconsistencies in spot uniformity when scanning, which is a
recognized issue with protein microarrays (Romanov ef al.,
2014).

Holding skin samples at ambient (room) temperature for
more than 12 h resulted in less protein expression for HPA
axis, ACC and OSI proteins, probably as a result of protein
degradation. In contrast, expression of CSP proteins was
observed to increase with time at room temperature. Given
that the majority (six of eight) of proteins in the CSP category
belong to heat shock protein (HSP) families (Feder and
Hofmann, 1999), this observation may be the result of
increases in expression of certain HSPs over the time period at
room temperature. Overall, these results suggest that samples
collected in the field should be immediately frozen (on dry ice
or in liquid nitrogen) if possible, or at least stored on wet ice
until freezing on the day of collection. Longer term storage of
skin should be in liquid nitrogen or in an ultracold (-80°C)
freezer to limit alterations in protein expression.

In many field studies of free-ranging wildlife that use
molecular biological approaches involving RNA isolation,
small tissue samples (e.g. ear plugs) are commonly stored in a
preservative, such as RNA/later®, that stabilizes RNA quality
and quantity by inhibiting RNase enzymes. The majority of
proteins displayed no significant differences in measured pro-
tein expression between skin samples stored in RNAlazer® for
24 h compared with unpreserved samples. This suggests that
skin stored in such preservatives can potentially be used to
determine protein expression in addition to RNA-based
approaches.

Although CSP protein expression was marginally greater in
hindlimb compared with other body regions sampled, overall
there was consistent measured protein expression among the
four body regions sampled in the present study, suggesting
that remotely delivered biopsy sampling approaches might be
useful in future research (Karesh et al., 1987; Pagano et al.,
2014). Nevertheless, it is reccommended that, if possible, skin
biopsies be taken from the same location on the body in cap-
tured animals to limit any potential variation in protein
expression. Importantly, ear plugs provided reliable data on
protein expression in comparison to other body regions, sug-
gesting that this commonly collected tissue gathered when ear
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tags are applied to bears can be used for future research
involving the protein microarray.

A GLMM approach was used to identify potential coarse-
level effects of bear biology parameters (sex, presence or
absence of dependent offspring and age), sampling location
(BMA) and season (hypophagia, early hyperphagia or late
hyperphagia) on the mean expression of each stress-associ-
ated protein. This was intended as a preliminary field valida-
tion of the protein microarray, because our ongoing
statistical analyses are investigating associations between
skin stress protein expression and more specific, fine-level
environmental and biological data, including other stress
markers (e.g. hair cortisol concentration, serum heat shock
proteins and serum corticosteroid-binding globulin), habitat
variables (e.g. home range, movement patterns, remote sens-
ing of natural and anthropogenic landscape features and
vegetation phenology) and life-history variables. All proteins
within each functional category demonstrated differences in
expression with respect to year, whereas fewer proteins dif-
fered in expression among geographical locations, seasons or
sex classes. However, at this coarse level of analysis, we were
simply trying to determine whether we could detect patterns
to suggest that specific environmental or biological factors
might be responsible for observed differences in protein
expression. Discussion of the potential physiological basis
for these differences is beyond the scope of this ‘proof-
of-concept’ report. Our longer term goal is to apply the pro-
tein microarray as a conservation physiology tool that can
detect, evaluate and monitor physiological stress in grizzly
bears and other species at risk, which will most certainly
involve identifying patterns of differential protein expression
that can be linked to specific environmental stressors and
connecting the underlying physiological processes. Given
that the protein microarray can simultaneously determine
expression levels of multiple (>30) stress-associated proteins
from an individual sample, it has clear advantages over sin-
gle stress markers (e.g. hair cortisol, serum heat shock pro-
teins or serum corticosteroid binding globulin) in terms of
the range of physiological processes that are assessed in the
combination of proteins.

Collection of skin from free-ranging wildlife, such as griz-
zly bears, is relevant from a physiological perspective. As the
largest organ in the body of mammals, skin responds to mul-
tiple endogenous and exogenous stressors and is thus well
suited as a tissue for monitoring stress in wildlife. Importantly,
human skin has been reported to possess an independent,
functionally equivalent peripheral HPA axis that locally syn-
thesizes and responds to classical trophic factors (e.g. CRH
and ACTH), peptide hormones and their precursors (e.g. pro-
lactin and POMC), expresses key steroidogenic enzymes and
is subject to negative feedback regulation (Slominski et al.,
2000; Ito et al., 20055 Arck et al., 2006). In addition, skin is
involved in complex interactions with nervous, endocrine and
immune systems (Slominski and Wortsman, 2000). In the
present study, expression of a range of proteins associated
with the HPA axis and related cellular responses supports the
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use of skin in studies involving free-ranging wildlife. Further
research is needed to establish the functional aspects of stress-
associated protein expression in skin from grizzly bears and
other wildlife species.

Preliminary work with other wildlife species suggests that
the protein microarray described here may be applicable to
animals other than grizzly bears. This is not surprising,
because we tested a large number of commercial antibodies
produced in rodents in order to identify 31 that reliably cross-
reacted with grizzly bear skin proteins. To date, we have tested
skin protein samples from polar bears (Ursus maritimus),
bottlenose dolphins (Tursiops truncatus), ringed seals (Pusa
bispida) and moose (Alces alces) for their cross-reactivity with
antibodies used for the microarray, both by western blotting
and on the microarray. In polar bears and bottlenose dolphins,
all 31 antibodies cross-reacted specifically and produced pro-
tein expression signals on the microarray, whereas 25 of 31
cross-reacted with moose and 24 of 31 cross-reacted with
ringed seal. In recent work with bottlenose dolphins, we
developed a technique to concentrate and label proteins iso-
lated from white blood cells obtained from the buffy coat
layer after blood sampling and centrifugation. All 31 antibod-
ies cross-reacted and produced reliable protein expression
signals in dolphin white blood cells using the microarray, indi-
cating that this matrix can also be used when such samples are
available. Although a limited number of species have been
evaluated to date, these results suggest that the protein micro-
array may be broadly applicable to many other wildlife spe-
cies belonging to diverse taxa.

In conclusion, the novel antibody-based microarray devel-
oped in this study provides a sensitive and reliable expression
profile for a suite of proteins that are involved in a variety of
physiological and pathological responses to environmental
stressors. In comparison to common approaches that measure
single biomarkers of stress, this technique has the primary
advantage of, from a single skin biopsy sample, simultane-
ously determining differences in protein expression arising
from multiple pathways associated with cellular stress
responses. This may be a useful tool to complement tradi-
tional wildlife biology investigations by identifying specific
physiological processes being affected by environmental
stressors. In addition, the technique shows promise in conser-
vation physiology research involving other species at risk. Our
ongoing work is focused on expanding the number of anti-
bodies on the microarray to include other stress-associated
proteins, such as acute phase proteins, and proteins associated
with energy homeostasis and reproductive physiology. In
addition, more comprehensive, finer scale statistical modelling
is being performed with a larger number of ancillary predictor
variables.
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