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Abstract

Evaluating stress in laboratory animals is a key principle in animal welfare. Measuring corticosterone is a common method
to assess stress in laboratory mice. There are, however, numerous methods to measure glucocorticoids with differences
in sample matrix (e.g., plasma, urine) and quantification techniques (e.g., enzyme immunoassay or radioimmunoassay).
Here, the authors present a mapping review and a searchable database, giving a complete overview of all studies mea-
suring endogenous corticosterone in mice up to February 2018. For each study, information was recorded regarding
mouse strain and sex; corticosterone sample matrix and quantification technique; and whether the study covered the
research theme animal welfare, neuroscience, stress, inflammation, or pain (the themes of specific interest in our con-
sortium). Using all database entries for the year 2012, an exploratory meta-regression was performed to determine
the effect of predictors on basal corticosterone concentrations. Seventy-five studies were included using the predictors
sex, time-since-lights-on, sample matrix, quantification technique, age of the mice, and type of control. Sex, time-since-
lights-on, and type of control significantly affected basal corticosterone concentrations. The resulting database can be
used, infer alig, for preventing unnecessary duplication of experiments, identifying knowledge gaps, and standardizing
or heterogenizing methodologies. These results will help plan more efficient and valid experiments in the future and can

answer new questions in silico using meta-analyses.

1 Introduction

Glucocorticoids are an important group of steroids that have mul-
tiple functions in mammals, including glucose metabolism and
anti-inflammatory responses (Ralph and Tilbrook, 2016; Spiga
et al., 2011). In animal sciences, the glucocorticoids corticoste-
rone and cortisol have long been measured as indicators of stress
(Jones et al., 1998; Palme, 2019; Ralph and Tilbrook, 2016;
Newsom and Darrach, 1955), with corticosterone being the main
glucocorticoid in Murinae (Spackman and Riley, 1978). Corti-
costerone secretion is part of the hypothalamus-pituitary-adre-
nal (HPA) axis, which consists of the hypothalamic paraventric-

ular nucleus (HPN), the pituitary gland, and the adrenal cortex,
which releases corticosterone into the bloodstream under the in-
fluence of adrenocorticotropic hormone (ACTH) from the pitu-
itary gland. Corticosterone has an inhibitory effect on the HPN,
creating a negative feedback loop within the HPA axis (Spiga et
al., 2011).

There are multiple factors inherent to the organism that can in-
fluence baseline corticosterone concentrations including, but not
limited to, sex, age, genetic background, circadian rhythm, and
ultradian rhythm (Spiga et al., 2011; Windle et al., 1998; Jones
et al., 1998; Spencer and Deak, 2017). A circadian rhythm is an
approximately 24-hour cycle in physiological processes (Spen-
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cer and Deak, 2017). Corticosterone concentrations follow a cir-
cadian rhythm with the peak concentration occurring at the be-
ginning of the active phase (e.g., in the morning for humans and
the evening for nocturnal animals like mice and rats) (Spiga et
al., 2011). Ultradian rhythms are shorter biological cycles recur-
ring within 24 hours. In humans and rats, the corticosteroid ul-
tradian rhythm has a cycle of approximately one hour (Spiga et
al., 2011). To the authors’ knowledge, no studies have explicit-
ly measured the ultradian rhythm in mice. The frequency of the
ultradian rhythm is consistent over a 24-hour cycle, but the am-
plitude of corticosterone secretion varies, with lower amplitudes
during the inactive phase and higher amplitudes during the active
phase (Windle et al., 1998).

Corticosterone concentrations are also affected by external fac-
tors like exposure to stressors such as restraint stress or housing
conditions, as well as by some types of anesthesia (Spencer and
Deak, 2017; Valentine et al., 2012; Jacobsen et al., 2012). Corti-
costerone is used as a stress indicator in animal sciences as it is
relatively easy to measure and generally responds predictably to
different types and intensities of stressors (Armario et al., 1986;
Anisman et al., 2001). However, the corticosterone response to
a particular stressor can vary depending on, for example, sex
(Jones et al., 1998), strain (Anisman et al., 2001), age (Foilb et
al., 2011), and whether the stressor occurs during the rising or the
falling phase of an ultradian cycle (Windle et al., 1998).

Circulating and tissue levels of corticosterone can be measured
in animals. Measurements in blood-based matrices like serum or
plasma are the most common. A disadvantage of blood sampling is
that drawing blood from an animal is stressful and thus might in-
fluence the measured corticosterone concentration. Even handling
the mouse before drawing blood can activate the HPA axis (Ben-
edetti et al., 2012) unless the time between opening the cage and
drawing blood is short enough (Spencer and Deak, 2017). With
increasing efforts to reduce distress for laboratory animals, alter-
native and less invasive methods for determining corticosterone
levels have been developed. For example, corticosterone metab-
olites can be measured in feces and urine (Palme, 2019; Palme
et al., 2005). This has several advantages: It is less invasive than
blood-based methods, it is less sensitive to contamination by sam-
pling-induced stress, and it is less sensitive to circadian influence
(Sheriff et al., 2011). However, this approach has its own chal-
lenges, including possible sample contamination, and the potential
need to house animals individually, which can influence corticos-
terone levels (Laber et al., 2008). These various factors affecting
corticosterone as well as different experimental setups and quanti-
fication techniques can make direct comparisons difficult.

To allow for meaningful generalizations and comparisons be-
tween studies, information on the experimental methods is nec-
essary. Systematic mapping reviews are useful tools to synthe-
size such information. The current work is a mapping review that
aimed to identify all studies measuring endogenous corticosterone
in mice. The review aimed to answer two main research questions:

1 https://ost.io/8yt3b
2 http://syrf.org.uk/
3 https://www.eros-systematic-review.org
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(1) which sample matrices and methods of detection are used for
corticosterone measurement in mice, and (ii) which fields of re-
search (animal welfare, inflammation, neuroscience, pain and/or
stress, the fields the R2N consortium focusses on) are the studies
measuring corticosterone in mice from? The results give an over-
view of the current and historic state of research measuring en-
dogenous corticosterone in mice. More importantly, we provide a
free, searchable online database of all the relevant papers and the
extracted (meta-)data. As an example of how the database can be
used, a meta-analysis of a subset of the included studies was per-
formed to determine factors influencing baseline corticosterone
concentrations. This database can be used to prevent unnecessary
duplication of experiments, identify knowledge gaps, standardize
or heterogenize methodologies, and plan future experiments.

2 Methods

2.1 Mapping review protocol

A mapping review protocol was established and published on
2018-02-23 on the Open Science Framework (OSF) website! be-
fore starting the screening phase. To improve retrievability, the
protocol was also published on the Systematic Review Facility?
on 2019-01-14, and a peer-reviewed version was recently pub-
lished (Leenaars et al., 2020b).

2.2 Search strategy

For this mapping review, Embase and PubMed databases were
searched. The search strategy consisted of two components: cor-
ticosterone and mice. Both thesaurus terms (MeSH for PubMed,
EMTREE for EMBASE) and title/abstract’/keyword searches
were used for each component. For the “corticosterone” compo-
nent, synonyms and truncations with wildcards were identified
to retrieve as many relevant papers as possible. For the “mice”
component, the search strategy was adapted from the widely-used
SYRCLE search strings for PubMed (Hooijmans et al., 2010) and
Embase (de Vries et al., 2011). The complete search strategy can
be found in the posted protocol and accompanying publication
(Leenaars et al., 2020b).

2.3 Study selection

The PubMed and Embase searches were performed on 2018-02-
07. Duplicate entries were removed manually using Endnote X8
(Clarivate). References were then uploaded to Early Review Or-
ganizing Software (EROS)? for the inclusion and exclusion of
references based on the a priori criteria defined in the protocol.
The inclusion criteria were: (i) reference must comprise a prima-
ry study, (ii) study was performed in house mice (Mus muscu-
lus), and (iii) endogenous corticosterone was measured. Studies in
which, e.g., corticosterone was administered without measuring
a baseline were thus excluded. Studies only reporting measure-
ments of one or more corticosterone metabolites were excluded;
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this included studies having measured corticosterone in feces and
urine, as corticosterone is heavily metabolized and very little to
no corticosterone remains in these matrices (Touma et al., 2003).

Because of the broad criteria and large number of papers, the
title/abstract screening phase and the full-text screening phase
were combined into one phase. Reviewers first tried to include
or exclude a reference based on the title, abstract, and keywords.
If they could not decide based on this alone, they went to the
full text for a definitive inclusion or exclusion. Seven reviewers
assisted with the screening (FLR, ECB, SvdM, MD, PJ, LMK,
CHCL). All references were screened independently by at least
two reviewers. Discrepancies were discussed by at least two re-
viewers until consensus was reached.

2.4 Data exiraction

References were distributed among different reviewers. Data was
extracted using a standardized Excel spreadsheet®. To minimize
variation between reviewers, pre-defined options were used when
possible (e.g., for sex, the options were “M” for male, “F” for fe-
male, “B” for both, or “U” for unknown). Of all the references
extracted by a reviewer, at least 5% were randomly checked by a
second reviewer for errors, and all were checked for consistency
(i.e., that all adhered to the same format). In total, eleven review-
ers performed the data extraction (AH, BS, ECB, LMK, LL, MD,
PG, PJ, RK, SvdM, and VCG]J). The authors extracted the follow-
ing data: 1) study identification information (authors, journal, year
of publication, etc.); ii) mouse strain and sex; iii) sample matrix
wherein corticosterone was measured (e.g., plasma); iv) whether
the mice modelled a human disease; v) corticosterone quantifi-
cation method; and vi) whether the article dealt with animal wel-
fare, inflammation, neuroscience, pain, and/or stress. Given the
scope of this review, if information was referenced in the includ-
ed paper, we did not retrieve the referenced paper, but noted “ref-
erenced”. Conference abstracts, posters, etc. were excluded from
the results unless explicitly stated otherwise.

A crossing between different mouse strains was indicated by
an ampersand (e.g., C57BL/6 & C3H). If the study mentioned the
use of a vendor strain, it is also presented in the “mixed vendor
strain” column in the file*, in this case as B6C3F1/J (The Jackson
Laboratory). This separation makes it possible to specifically
identify studies using either vendor strains (e.g., B6C3F1/J) or
strain crossings with the strains of interest (e.g., all hybrid strains
with C57BL/6 or C3H strains).

A study was identified as modelling a human disease when the
authors of that paper mentioned that the mice were used for mod-
elling (part of) a human disease.

2.5 Meta-regression

Data extraction

The protocol for the meta-regression (MR) was not preregis-
tered. All papers from 2012 were selected as a sample. This se-
lection was made before any additional data were extracted.

4 doi:10.14573/altex.2004221s2
5 doi:10.14573/altex.2004221s1
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The following data were additionally extracted for the me-
ta-analysis: 1) mean age of mice in weeks at the time of corticos-
terone measurement; ii) time in hours between lights-on (time
0) and corticosterone measurement (“time-since-lights-on”); iii)
mean housing temperature of the mice in Celsius; iv) whether
mice were anaesthetized when the corticosterone measurement
was taken; v) whether the ultradian rhythm was considered when
measuring the corticosterone concentration, and vi) whether the
control group was intervention-free (designated “naive control”)
or whether it underwent a treatment like a sham operation or vehi-
cle injection (designated “sham control”’). When any of this infor-
mation was not reported in the paper, efforts were made to contact
the authors of the original paper to request it.

The corticosterone concentration, mean age of the mice, and
the mean temperature at which the mice were kept are continu-
ous variables. Anesthesia, ultradian rhythm, and controls are di-
chotomous variables. Time-since-lights-on can range from 0
to 24 hours, yet because of the cyclical nature of the circadian
rhythm, the expected corticosterone concentration at, for exam-
ple, 23 hours time-since-lights-on is very close to the expected
concentration at 0 hours time-since-lights-on. Therefore, time-
since-lights-on was converted to a categorical variable consist-
ing of four groups: 1) “lights on” encompassing all concentrations
measured between 22-2 hours; ii) “day period” encompassing
2-10 hours; iii) “lights off” encompassing 10-14 hours; and iv)
“night period” encompassing 14-22 hours (Fig. S1°).

Corticosterone concentrations were converted to ng/mL where
necessary and possible. Standard errors of the mean (SEM) and
confidence intervals were converted to the standard deviation
(SD) where necessary and possible. If the concentration was only
presented graphically, the graphics editing software GIMP 2.0 was
used to determine the concentration from the graph based on the
number of pixels. Additionally, the authors of the original paper
were contacted to request the exact concentrations and deviations.

Study inclusion

Not all studies reported all data of interest. To prevent missing da-
ta from decreasing the power of the MR, a post-hoc selection of
predictors was made after visual inspection of the data. To be in-
cluded in the MR, studies also needed to report the corticosterone
concentration so that it could be converted to ng/mL (see above).
The predictors analyzed in the first MR were sex (male/female/
both), time-since-lights-on (lights on/day period/lights oft/night
period), sample matrix (plasma/serum), quantification technique
(HPLC/“EIA/ELISA”/RIA), and control type (naive control/sh-
am control). A second MR was performed to analyze the effect
of mouse strain. This predictor could not be included in the pri-
mary MR because many strains were used in only a few studies.
Only strains for which there were at least five observations were
included in this second MR. As a result of the post-hoc predictor
selection and sample choice, this MR should be interpreted as an
exploratory test only.
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Fig. 1: Flow scheme of the references included in

the mapping review

Of the original 13,520 retrieved references, 5178 were included

for data extraction. 533 articles were conference abstracts.
Conference abstracts were excluded from all other graphs and tests.

Analysis

MR was performed in R (R Core Team, 2019) using the meta-
for package (Viechtbauer, 2010). The rma.uni function was used
with the Knapp-Hartung modification. An omnibus test was per-
formed for the sex, time-since-lights-on, and quantification tech-
nique moderators with the ANOVA.rma function. Because of the
large spread and skew of the data, a transformation of the con-
centrations and corresponding standard deviations as proposed
by Higgins et al. (2008) was performed. A sensitivity analysis
was performed — excluding outliers — to confirm the result of the
primary MR.

3 Results

3.1 Retrieval of all studies measuring

endogenous corticosterone in mice

A systematic search for all studies measuring endogenous corti-
costerone in mice was undertaken. The flow diagram presents the
number of references in each phase of the review (Fig. 1). The
initial search retrieved 13,520 references. Of these, 5,448 were
duplicate records, leaving 8,072 unique references to be screened
for in- or exclusion. 2,894 references were excluded based on
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Fig. 2: The most common mouse strains (A) and crossed
mouse strains (B) used in studies measuring endogenous
corticosterone

the reasons presented in Figure 1. 5,178 references were includ-
ed for data extraction. 533 (10.3%) of the 5,178 references were
identified as conference abstracts, while 4,645 references were
full-length papers. A list of all included papers is available in a
searchable database®.

For 324 (7%) of the 4,645 full-length papers, the full text could
not be retrieved. In most cases the abstract was available. The
title and abstract were used to extract as much information as
possible. To prevent creating a biased representation of report-
ing frequencies, the papers for which the full text could not be
retrieved were excluded from calculations of reporting frequen-
cies, unless specifically stated otherwise.

In general, the annual number of papers measuring endog-
enous corticosterone in mice has greatly increased — from one
publication in 1955 to 351 papers in 2017 (Fig. S2*), the last
complete year included in the mapping review.

3.2 Corticosterone is measured most

often in male C57BL/ 6 mice

From the mapping review database, one can acquire information
on the use of different mouse strains. From the 4,645 full text pa-
pers, 432 single mouse (sub)strains were identified. However, it
is likely that the actual number of strains used differs, as the re-

ALTEX 38(1), 2021
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porting of strains was inconsistent. All reported mouse strains are
presented in the database®.

Figure 2A shows the most frequently reported mouse strains
used for corticosterone measurements. Each of these strains was
used in at least 1% of all included papers. “C57BL/6” is the mouse
strain most commonly reported, followed by C57BL/6J, with the
“J” specifying the specific C57BL/6 substrain from the Jackson
Laboratory. Together, C57BL/6(J) mice were used in over a quar-
ter of all studies. In contrast, many other strains were used in only
a few studies, with 418 strains used in less than 1% of the includ-
ed papers. Interestingly, the sixth-largest group is the “referenced”
category (3.4% of all included papers referred to another paper for
information on the tested strain), in which the papers do not direct-
ly state the mouse strain, but rather refer to other papers. The sev-
enth-largest group is the “unknown” (2.1%) category, in which the
papers mention neither the strain nor refer to other papers.

The ten most common crossed mouse strains used for corticos-
terone measurements used C57BL/6 as at least one of the paren-
tal strains (Fig. 2B). A cross between C57BL/6 & C3H was used
in 7.0% of all papers using crossed strains (51 papers). Some
strain crossings are available from vendors (e.g., B6C3F1/J hy-
brid mice (The Jackson Laboratory)), however, quite often the
source of crossed mice was not stated.
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“Referenced” indicates studies not reporting the quantification
technique, but referencing another study for the information.

From the database, one can also conclude that corticosterone
was most often measured in male mice, with almost 60% of the
papers using male mice only (Fig. 3). There were more studies
that used both male and female mice (17.1%) than there were
studies that only used female mice (14.7%). 8.4% of the papers
did not specify which sex was used.

3.3 Endogenous corticosterone is primarily

measured in plasma and serum

One of the primary objectives of this mapping review was to
determine which sample matrices were used for corticosterone
measurement in mice. From all the studies measuring endoge-
nous corticosterone in mice, 45 different sample matrices were
identified*. Figure 4A shows the ten most used sample matrices.
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Together, plasma and serum make up over 93% of all reported
sample matrices. The reporting of sample matrix was high, with
only 0.63% of the included papers not reporting in which matrix
corticosterone was measured.

The use of different sample matrices is presented over time in
Figure 4B. Plasma and serum have remained the most common
sample matrices since corticosterone measurements began.

3.4 Corticosterone is most frequently

quantified using immunoassays

There are various techniques to quantify specific steroid hor-
mones in biological samples. Corticosterone was measured in
mice using 32 different quantification techniques*. Figure 4C
shows the quantification techniques reported in at least 1% of all
studies. Radioimmunoassay (RIA) was the most common meth-
od, being used in over 50% of the papers, followed by enzyme
immunoassays (EIA/ELISA) (30.9%). The third largest group
was the “unknown” group: 5.7% of all included papers did not
report the corticosterone quantification technique used.

The relative use of quantification techniques changed over
time (Fig. 4D). Initially, fluorometric techniques were the most
common, but they were succeeded by RIA. More recently, en-
zyme immunoassay-based techniques have gained popularity.

3.5 Corticosterone is most often measured

in the context of neuroscience and stress

This mapping review was also interested in determining in which
fields of research corticosterone was being measured. Note that a
study can comprise different research themes and is then includ-
ed multiple times in this analysis. Relatively few papers studied
corticosterone in the context of pain (91 papers, 2.1%) or animal
welfare (164 papers, 3.8%). Neuroscience-related studies (2010
papers, 46.5%) and stress-related studies (2277 papers, 52.7%)
were far more common. There were 971 inflammation-related
studies (22.3%).

116

Figure 5 shows how the number of papers relating to the dif-
ferent research themes changed over time. The graph shows the
number of papers relating to stress or neuroscience increasing,
while such a trend seems absent or strongly reduced for animal
welfare-, pain-, or inflammation-related papers. Especially for an-
imal welfare, there may be more studies that measure only cor-
ticosterone metabolites and are therefore not included in this re-
view. The number of studies measuring corticosterone metabo-
lites in feces seems to be increasing (Palme, 2019).

3.6 Study subset selection for MR

As an example of how the database could be used, a meta-analysis
of a subset of the included studies was performed to determine fac-
tors influencing baseline corticosterone concentrations. Using all
database entries for the year 2012, 265 studies were initially identi-
fied for inclusion in the MR. Several of these studies were exclud-
ed from the analysis as they did not present corticosterone con-
centrations of an intervention-free group or because they present-
ed the concentration in a unit that could not be converted to ng/mL
(e.g., ng/g for corticosterone in adrenal tissue). Altogether, 196 pa-
pers reported a usable baseline corticosterone concentration, as
well as either the standard deviation or standard error of the mean,
and the number of mice per group (N). Studies that did not report
the selected predictors were also removed from the MR. This left
75 studies with 106 measurements in total (Tab. S15).

The spread of the reported baseline corticosterone concentra-
tions was large (Fig. 6). The lowest reported concentration was
7x1073 ng/mL and the highest was 2.04x10° ng/mL — a difference
of approximately eight orders of magnitude. A histogram of the
reported corticosterone concentrations shows that the data was
skewed, so a Higgins transformation was performed to normalize
the distribution of the concentration data (Fig. S33). Only a few
low-concentration outliers remained, but based on the papers that
these data points were derived from, there were no reasons to ex-
clude these concentrations from the MR.

ALTEX 38(1), 2021
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The highest reported concentration was 2.04x10° and the lowest

was 7x108 ng/mL.

3.7 MR revealed an effect of sex,
time-since-lights-on, and type of control
on basal corticosterone concentration
An MR was performed on the 75 included studies from 2012 to
determine the effect of predictors on basal corticosterone concen-
trations. The results of the MR are presented in Table 1. The om-
nibus tests showed a significant effect of sex and the time-since-
lights-on moderators. Female mice had significantly higher cor-
ticosterone concentrations than male mice (p < 0.001, effect size
estimate: 1.65, CI: 0.76-2.54, Fig. 7A). For the time-since-lights-
on, there was a clear difference between the lights-off and lights-
on period (p <0.01, effect size estimate: 1.59, CI: 0.49-2.68), with
the corticosterone concentration being higher during lights-off
(Fig. 7B). Furthermore, the MR showed that the mice which did
not undergo sham or vehicle treatments (naive control) had a low-
er reported baseline corticosterone concentration than the mice
which did (p <0.01, effect size estimate: -1.33, CI: -2.10 — -0.54),
Fig. 7C). The overall heterogeneity was high with an 12 of 99.43%.
None of the other tested moderators (sample matrix, quantification
technique, or age) showed a significant effect on the reported cor-
ticosterone concentrations. The age of the mice ranged from 1 to
39 weeks, with the median at 12 weeks.

The results of the sensitivity analysis, in which the outliers of
corticosterone concentrations were removed, were consistent
with the main MR (data not shown).
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Tab. 1: Meta-regression of the effect of moderators on reported corticosterone concentrations in mice -

Results of the omnibus test (A) and meta-regression (B)

A
Moderator F value (df) p-value
Sex 7.272 (2.95) 0.001
Time-since-lights-on 5.078 (3.95) 0.003
Quantification technique 0.076 (3.95) 0.973
B
Moderator Range or values Estimate p-value 95% CI — 95% CI —
from MR (SE) | from MR lower bound | upper bound
Sex (C) Male, female, both
Female versus male 1.64 (0.43) < 0.001 0.78 2.50
Both versus male 0.38 (0.72) 0.602 -1.06 1.81
Time since lights on (C) Lights-on, day period, lights-off,
night period
Day period versus lights-on 0.06 (0.44) 0.900 -0.82 0.93
Lights-off versus lights-on 1.60 (0.55) 0.004 0.51 2.68
Night period versus lights-on 0.27 (0.53) 0.613 -0.78 1.31
Sample matrix (C) Plasma versus serum 0.00 (0.32) 0.992 -0.64 0.64
Quantification technique (C) | HPLC, EIA/ELISA, RIA
EIA/ELISA versus HPLC 0.06 (1.02) 0.956 -1.96 2.08
RIA versus HPLC 0.15 (1.02) 0.882 -1.88 2.19
Age (N) 0-66.5 weeks -0.01 (0.02) 0.703 -0.05 0.03
Intervention free (C) Naive control versus sham control | -1.34 (0.39) < 0.001 -2.11 -0.57

3.8 MR revealed no effect of mouse strain

on basal corticosterone concentration

A second MR was performed to analyze the effect of mouse
strain on basal corticosterone concentration. Only five strains
were compared in this second MR, since all other mouse strains
were described in less than five publications from 2012. Baseline
corticosterone concentrations were compared among the strains
C57BL/6 (n=229),BALB/c (n=15),CD-1 (n=44), CR (n=16),
and NMRI (n = 18). MR of these strains showed no significant
difference in the basal corticosterone concentrations among
these strains (Fig. 8).

4 Discussion

Mapping reviews are a useful tool to present an overview of the
current state of a research topic (Grant and Booth, 2009). The re-

6 doi:10.17605/0SF.IO/XNH24
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sults of'a mapping review can prevent unnecessary duplication of
animal experiments and promote the adequate design, reporting,
and analysis of experiments. To allow for meaningful generaliza-
tions and comparisons between studies, information on the ex-
perimental methods is necessary. This review highlights several
study characteristics for which reporting could be improved. Im-
proving reporting can help improve the internal and external va-
lidity of animal experiments and reduce the number of animals
needed, one of the core principles of the three Rs (Reduce, Re-
fine, Replace) (Russell and Burch, 1959).

In this study, we performed a mapping review and created an
accessible online database® for all studies measuring endogenous
corticosterone in mice until February 2018. Large systematic re-
views take a long time to complete (e.g., Cochrane reviews take
on average 67.3 weeks (Borah et al., 2017), and systematic (map-
ping) reviews of animal studies are no exception; refer to, e.g., two
recently published reviews with search dates in December 2015
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(Leenaars et al., 2020a) and August 2016 (Archer et al., 2018)).
As review updates also take time, a lag-time between search and
publication is unavoidable. To retrieve more recent studies, the
search strategy for this review can be combined with specific
terms of interest, and the publication date limited from February
2018 onwards.

We chose to focus on mice as they are the most used animal
model in science’-8. Corticosterone is an important hormone of
interest in many different fields of study including stress, neuro-
science, immunology, animal welfare, and endocrinology. This
review found few studies using corticosterone measurements in
the context of animal welfare. While the analysis of well-being
states in animals is increasing, especially for animal-based re-
search (Keubler et al., 2020; Bleich and Tolba, 2017), there is
still less research measuring corticosterone in mice in animal
welfare than in neuroscience. However, we excluded studies an-
alyzing fecal corticosterone metabolites, a method which poten-
tially can replace measuring corticosterone in serum or plasma
(Palme, 2019).

Currently, there is a reproducibility crisis in animal science,
and failures in both standardization and heterogenization may be
partially responsible. Standardization can improve reproducibil-
ity by decreasing between-experiment variation (Beynen et al.,
2001), and standardization of biologically irrelevant variables
could exclude the effect of this variable on the relevant outcome.

For example, our MR showed that the reported control type (i.e.,
“naive” control versus sham intervention) influenced the bas-
al corticosterone concentration. This is in line with the litera-
ture (Drude et al., 2011). It is important to consider the influence
of the control type on the experiment, especially since there is
a maximum to the corticosterone secretion (Spencer and Deak,
2017). It is also important to take this potential influence into ac-
count when comparing the results of different studies.

On the other hand, overly standardizing potentially relevant
biological variables, like sex or strain, can lead to idiosyncrat-
ic results (Bailoo et al., 2014). The mapping review showed that
the majority of studies were performed in male C57BL/6 mice.
Previous studies have shown that the (sub)strain and even the
vendor can influence experimental results (Ahlgren and Voikar,
2019; Mulligan et al., 2008; Ashworth et al., 2015; Tuttle et al.,
2018;%). Furthermore, the MR showed that sex influences base-
line corticosterone concentrations — an observation also substan-
tiated in the literature (Sittig et al., 2016; Grad and Khalid, 1968;
Caruso et al., 2018). Thus, the choice of sex and strain could in-
fluence corticosterone concentration results. For future experi-
ments, authors should therefore consider using both sexes and
different or multiple strains when possible and appropriate.

Incomplete reporting of methods also likely contributes to the
reproducibility crisis (Kilkenny et al., 2009). This mapping re-
view revealed that reporting is often incomplete, especially re-
garding the mouse strain lab codes. There was also incomplete
reporting of sample matrices: sometimes the terms plasma and se-
rum were used interchangeably, or the term “blood” was used.
Directly measuring glucocorticoid concentrations in whole blood
with immunoassays is not advised due to possible interference
with blood cells (Spencer and Deak, 2017). Accordingly, we pre-
sume “blood” was used as shorthand for either plasma or serum.
A consideration is that for most methods, glucocorticoids mea-
sured in serum or plasma represent the “total glucocorticoids”,
i.e., free glucocorticoid levels plus globulin-bound glucocorti-
coids. However, it is assumed that only the free glucocorticoids
are active. Yet, the fraction of free glucocorticoids is not static
and can vary, inter alia, depending on stress (Spencer and Deak,
2017; Sheriff et al., 2011). This means that, for most methods, the
measured concentrations do not adequately reflect the biological-
ly active concentrations. During screening, multiple studies were
found that reported corticosterone concentrations measured in fe-
ces or urine. In these cases, we suspect corticosterone metabolites
were actually measured, as these matrices contain little to no cor-
ticosterone (Palme, 2019; Palme et al., 2005). Furthermore, quan-
tification techniques were not always specified. Authors should
correctly report all relevant methodological information.

The MR and the literature show that the time-since-light-on
influences the baseline corticosterone concentrations (Spiga et
al., 2011). It is important to consider that mice are nocturnal, and

7 Bundesministerium fiir Ernahrung und Landwirtschaft (2018). Verwendung von Versuchstieren im Jahr 2018. https:/www.bmel.de/DE/thementtiere/tierschutz/

versuchstierzahlen2018.html

8 UK Home Office (2018). Annual Statistics of Scientific Procedures on Living Animals, Great Britain 2018. URL: https://www.gov.uk/government/statistics/statistics-of-

scientific-procedures-on-living-animals-great-britain-2018

9 https://www.jax.org/news-and-insights/jax-blog/2016/june/there-is-no-such-thing-as-a-b6-mouse
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studies performing an intervention during the light period might
not represent normal physiological conditions, which is import-
ant when translating findings to humans. Since the time-since-
lights-on variable influences the baseline corticosterone, it can
be argued that the timeframe should be standardized to increase
reproducibility. However, by restricting the timeframe, idiosyn-
cratic results may be obtained (e.g., the intervention only has an
effect during the onset of the active phase), which might hinder
translation of the results. In any case, careful consideration of the
timeframe and the consequences of this choice for the reproduc-
ibility and translational value of the results should be made.

The MR also found that the range of reported concentrations
is very wide. This is not uncommon in pre-clinical studies, as
a previous systematic review into cerebral adenosine concentra-
tions found 4 orders of magnitude difference between the low-
est and highest reported concentration (van der Mierden et al.,
2018). A possible explanation can be reporting in the wrong unit.
In this meta-regression the concentrations were reported in sev-
eral units, including mg/dL and pg/mL, which differ by several
orders of magnitude.

Inadequate reporting prohibited the analysis of all desired pre-
dictors — especially the possible effects of strain and anesthesia
(Jones et al., 1998; Van Loo et al., 2004; Jacobsen et al., 2012;
Valentine et al., 2012). The other predictors initially considered
for inclusion could also explain (part of) the heterogeneity (12)
found in the MR, but other, not initially considered, predictors
might also be relevant, e.g., single versus group housing (Laber
et al., 2008). More complete reporting might therefore not only
help alleviate the reproducibility problem but also enable more
and better meta-research.

The influence of the ultradian rhythm has been discussed ex-
tensively in the literature (Spiga et al., 2011; Spencer and Deak,
2017) but could not be included in the MR because very few pri-
mary studies on the ultradian rhythm have been published. Based
on the literature, the ultradian rhythm can influence experimen-
tal results, (Spiga et al., 2011) but the short cycle may spread
these differences over different groups, averaging out its effect if
the groups and intervention are properly distributed. It is unlikely
that there will be enough studies to do a proper meta-analysis in-
to the effect of the ultradian rhythm in the near future, but it is an
important subject for more research.

Historical and current standards can help inform which experi-
mental variables can be standardized or homogenized. By search-
ing the corticosterone database for variables of interest, research-
ers can adjust their experiment to increase standardization or ho-
mogenization. In addition, the database can be used to identify all
relevant papers for meta-analyses and filter for other variables of
interest. Our MR from all papers published in 2012 shows that
sex, control type, and time-since-light-on influenced corticoste-
rone baseline concentrations but found no significant effect of
sample matrix, quantification technique or age of the mice. Al-
though there are studies that find that basal corticosterone increas-
es with mouse age (Elias and Redgate, 1975), these results were
not found in the meta-regression. The absence of a significant re-
sult for a potential effect of age in the MR could be due to a lack
of studies using aged mice or due to the large spread of the re-
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ported concentrations. Note that non-significant predictors in a
meta-regression are not necessarily irrelevant (Borenstein et al.,
2015). No interactions were tested in the MR because first, we
had no a priori expectations of interactions, and second, there
were not enough observations to include all possible interactions.
As a result of the post-hoc predictor choices and the sampling of
2012, this MR is exploratory, and the results should be interpreted
with caution and in consideration of all known information.

RIA was initially the most common quantification technique
but this has been surpassed by EIA. The MR did not show differ-
ences in basal corticosterone levels between different quantifica-
tion techniques, however, the literature indicates generally high
levels of variation in concentrations measured via RIA or ELISA
(Bekhbat et al., 2018; Lewis and Elder, 1985; Red et al., 2017;
Fanson et al., 2017). This large variation may account for why no
significant differences were found. HPLC and related techniques
generally have higher precision and accuracy (Turpeinen and
Héamaéldinen, 2013; Oka et al., 1987) but are used less frequent-
ly. The choice of quantification technique could be based on the
research question: If only relative differences are of interest, im-
munoassays can be used. If absolute values are of interest, HPLC
or other chromatography-based techniques like LC-MS should be
used, as these methods have a higher specificity (Murtagh et al.,
2013). Of note, while relative differences are often sufficient for
the scientific question at hand, the reuse of data in meta-research
is becoming more important with the increasing focus on the 3Rs.
Considering this, absolute (not relative) glucocorticoid concen-
trations are informative to more research questions.

This mapping review provides an overview of the current and
historical state of measuring corticosterone in mice and provides
a searchable database of all included studies. The meta-regres-
sion indicates which predictors may influence corticosterone
concentrations. Based on the results of this study, it is important
that future experiments report study details as completely and as
clearly as possible, especially regarding the mouse strain. Fol-
lowing the PREPARE (Smith et al., 2018) and ARRIVE (Kilken-
ny et al., 2010) guidelines can help to improve the reporting of
animal experiments. In addition, an appropriate experimental
design should be selected, considering the sex of the mice, the
time-since-lights-on, and the control condition. This does not
mean that one should only use female mice or only perform ex-
periments during lights-off, but these factors need to be balanced
over the different interventions when setting up the experiment
to allow for unconfounded, meaningful results. Together, this re-
view will help researchers plan experiments related to corticoste-
rone in mice with high external validity.
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