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Overview

Analytic and Interpretational Pitfalls to
Measuring Fecal Corticosterone Metabolites
in Laboratory Rats and Mice

Neil E Rowland®! and Linda A Toth?

Minimization and alleviation of stress are generally viewed as desirable aspects of laboratory animal management and use.
However, achieving that goal requires an unambiguous and valid measure of stress. Glucocorticoid concentrations are com-
monly used as a physiologic index of stress. Measurement of glucocorticoids in blood, serum or plasma clearly reflects many
types of both acute and chronic stress. However, the rapid rise in concentrations of circulating glucocorticoids that occurs even
with relatively simple manipulations such as handling has led to the increased use of fecal glucocorticoid metabolite (FCM)
assays, which provide a temporally integrated measure that may allow a more accurate interpretation of chronic stressors. In
this review, we consider 3 aspects of glucocorticoids as a measure of stress. First, we discuss the analytic and interpretational
pitfalls of using FCM concentrations as an index of stress in mice and rats. Second, we consider evidence that some degree
of stress may benefit animals by priming physiologic and behavioral adaptations that render the animals more resilient in
the face of stress. Finally, we use 2 situations—social housing and food restriction—to illustrate the concept of hormesis—a
biologic phenomenon in which a low dose or intensity of a challenge has a beneficial effect, whereas exposure to high doses
or intensities is detrimental.

Abbreviations: CRH, corticotrophin-releasing hormone; EE, environmental enrichment; FCM, fecal corticosterone metabolites;

GR, glucocorticoid receptors; MR, mineralocorticoid receptors; SAM axis, sympatho-adreno-medullary axis
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Interest in optimizing the humane care and use of laboratory
rodents has led to an abundance of research intended to detect
and quantify that vague condition known as stress. Readers are
probably aware that not only the definition of stress but even the
fundamental concept of what constitutes stress (as compared
with beneficial homeostatic responses) vary substantially in the
scientific literature. A large number of endogenous mediators
are released in the body in response to many conditions that are
viewed as stressful (Figure 1). These numerous mediators and
their interactions lead to a wide variety of associated physio-
logic and behavioral outcomes that depend on the nature, mag-
nitude and duration of the stressor (Figures 1 and 2) and that
are evoked in complex temporal sequences after the onset of a
stressor (Figure 3). This broad qualitative and temporal varia-
tion in stressors and the body’s responses to different stressors
make detection and quantification of stress a challenging under-
taking. Comprehensive assessment of an individual’s response
to a particular perturbation, and by extrapolation, estimation of
the severity of that perturbation, ideally requires serial measure-
ment of multiple mediators or their downstream effects over a
suitably long time period. However, rather than tackle this dif-
ficult undertaking, a common approach is to choose a single or
a few mediators and time points. This selective approach can at
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best provide a limited assessment of an organism’s response to
a perturbation.

Animals have evolved a suite of behavioral and physiologic
strategies that allow them to manage and survive the wide va-
riety of challenges that they experience during life in natural
settings.”” The 2 major physiologic pathways that are invoked
in response to psychologic or physiologic perturbations are the
HPA system and the sympathetic-adreno-medullary (SAM)
system. Serum or plasma concentrations of glucocorticoids and
catecholamines, respectively, are correlated with and reflect ac-
tivation of HPA and SAM systems.**” Both of these systems
directly or indirectly exert a wide variety of physiologic effects
that develop and abate with different time courses.?*** Gluco-
corticoids are commonly measured in studies of both acute and
chronic stress, and a decrease in glucocorticoid concentrations is
often viewed as synonymous with the alleviation of stress. The
pervasiveness of this perspective is reflected in the unfortunate
tendency of many authors to state in their published work that
they are measuring a ‘stress hormone’ or even ’stress’ rather
than precisely identifying the analyte as corticosterone or its
metabolites.®

Several factors related to the SAM system and the nature
of monoamines probably underlie the focus of stress-related
research on the measurement of glucocorticoids. The predom-
inant SAM mediators, norepinephrine and epinephrine, as
well as brain monoamines, are released rapidly in response to
the appropriate stimulus. With the exception of epinephrine,
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Figure 1. Integrated deployment of stress mediators.? The left side of the figure lists factors that can influence the specific response to stress; the
right side lists several broad categories of stress response systems that are evoked and interact in a context- and time-dependent manner. Figure

and legend are modified from reference 38.

Duration General condition, model, or procedure

Representative examples

Short term
(minutes to days)

Long term
(weeks to months)

Condition or study with acute or limited duration

Condition or study that is chronic, repeated, or long-term

Acute environmental perturbations (for example, cage
change, occasional noise)

Acute psychologic or physical stress (for example, acute
limited pain, novel environment)

Surgery or other acute intervention to create model or
induce disease (for example, ovariectomy, tumor
implantation)

Drug administration (acute or limited regimen,
including necessary associated restraint)

Acute food or water deprivation (overnight or 24 h)

Breeding colonies, natural aging, either group or
individual housing

Chronic environmental perturbations (for example, cold
exposure, crowded living conditions, noise)

Repeated or chronic food or water restriction

Repeated or chronic drug administration

Chronic disease condition (for example, cancer, diabetes,
inflammatory disease, obesity, neurologic condition)

Figure 2. Common laboratory rodent experiences classified by duration of exposure.

they are released into synapses, where they are rapidly me-
tabolized or cleared. Their synaptic sites of action make these
compounds difficult to retrieve and quantify in a relevant time
frame and at an accurate concentration at the effector site.
These limitations can be accommodated to some extent by
measuring secondary endpoints, such as sympathetic nerve
activity or indices of peripheral effects such as changes in heart
rate. However, in comparison with most monoamines, glu-
cocorticoids have greater chemical and physiologic stability,
have endocrine hormonal (as compared with neurotransmit-
ter) properties, are easily collected from the circulation and
other sites in the body, and are supported by commercially
available immunoassays.
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The primary glucocorticoid in rodents is corticosterone,
which can be measured in blood, serum or plasma, urine, saliva
and integumentary structures (for example, hair and feathers),
and as metabolites in excreta (fecal corticosterone metabolites;
FCM).” In plasma, only 3% to 5% of circulating glucocorticoids
are unbound and therefore biologically active (capable of diffus-
ing through cell membranes and binding to glucocorticoid and
mineralocorticoid receptors).®*% Of the remainder, 80% to 90%
is bound with high affinity, but low capacity to corticosteroid-
binding globulin (CBG), and 10% to 15% is bound to albumin
with high capacity but low affinity.*¢ These binding proteins
can, therefore, buffer the amount of free glucocorticoid during
periods of high secretion and provide a reservoir of circulating
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Figure 3. Functional and temporal domains of stress mediators.” The components of the stress response can be modeled as 3 temporal domains
that represent distinct mechanisms. Monoamines and peptides have predominant rapid synaptic effects that trigger a rapid response to the situ-
ation. They also can affect transcription factors within seconds-to-minutes, leading to sustained genomic changes that prepare for long-term or
recurrent stress. In contrast, corticosteroids can act in minutes through mineralocorticoid receptors responses to stress, yet their predominant
effects are genomic and therefore relatively long-term and sustained. In the figure, the major temporal action and category of effect for each class
of mediators is shown by the thick arrows, with thin arrows showing complementary or alternative molecular actions that occur in different

temporal niches. Figure and legend are modified from reference 38.

protein-bound glucocorticoid that becomes active after dissocia-
tion of the bound complex.>*%

In rats and mice, corticosterone and its metabolites are ex-
creted into the urine and via the bile into the feces, where they
can be detected as FCM. In male rats, fecal excretion accounts
for 75% to 90% of the corticosterone eliminated from the body,
with the remainder excreted in urine.>*” After intraperitoneal
injection of radioactive corticosterone in rats, peak radioactivity
appears in urine after about 2 to 3 h and in feces after about 15
to 17 h, with detectable levels present in feces between 8 and
48 h.>¥ Studies in male and female C57BL/6] mice report that
males excrete significantly more FCM than do females, with
higher proportions in the urine of females.® In both sexes, peak
radioactivity was present in the first urinary samples collected
after the injection (median, 2 h; range: 2 to 6 h) and subsequently
decreased rapidly, whereas in feces peak radioactivity was de-
tected about 10 h after the injection (median: 10 h, range: 8 to 12
h) and then fell rapidly.* In both rats and mice, the precise time
courses of excretion were influenced by the time of day at which
the radiolabeled corticosterone was administered.>* Measure-
ment of FCM has become a common approach to evaluating
HPA activity because it is noninvasive and provides a relatively
more stable and time-integrated picture of HPA activation than

do circulating corticosterone levels.”” The first part of this article
reviews considerations relevant to the collection of samples and
analysis of FCM in rats and mice.

An animal’s physical environment in the research setting
should be stable, physiologically and behaviorally supportive,
and tailored to the species, thus allowing the animal to achieve
and maintain physiologic homeostasis and general wellbeing
with minimal effort or stress. Such living conditions promote not
only healthy research subjects but also provide desirable unifor-
mity among subjects, thereby increasing replicability across ex-
periments or between different laboratories and supporting the
use of lower numbers of animals by reducing interanimal vari-
ability in outcome measures. However, even though laboratory
animal cage environments are often disparaged for insufficient
space, absence of naturalistic features, social isolation, or lack of
enrichment, social housing and enrichment can themselves cre-
ate conditions that affect individual animals differently, thereby
reducing uniformity among subjects. On the other hand, all of
these situations likely create physiologic and psychologic chal-
lenges that may themselves have beneficial effects on overall
animal wellbeing. The second part of this review discusses this
conundrum with particular emphasis on the interpretation of
glucocorticoid responses as a key factor in the animal’s ability
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to manage and tolerate social, environmental, and experimental
perturbations. The remainder of this review provides examples
in 2 areas: social housing and food availability.

As this introduction implies, the assessment or quantification
of stress is fraught with complications. A major complication is
that the precipitating stressful condition generally has complex
interactive relationships with characteristics of the animal itself,
with the many endogenous mediators whose release is altered
by the condition, and with the physiologic and behavioral al-
terations that are invoked to allow the animal to cope with and/
or alleviate the condition (Figures 1 and 3). Furthermore, the
physiologic and behavioral responses to stress change over time
in the context of acute stress, chronic stress, and acute stress
embedded in a condition of chronic stress. This review does not
delve deeply into these many complex relationships or into con-
siderations of what does or does not constitute stress. For more
information on these areas, the reader is referred to numerous
excellent reviews on stress and its mediators and effects 2038567475
For purposes of the discussion here, a stressor will be considered
as any perturbation (physical or psychologic, acute or chronic)
that triggers a homeostatic response.” Our goal is to make read-
ers aware of analytic pitfalls and alternative interpretations rel-
evant to the use of FCM to identify and quantify a presumed
state of stress in rodents. To that end, cited references have been
selected to emphasize these issues. The following discussion is
in no way intended to challenge or minimize the importance of
studies aimed at optimizing the environments of research ani-
mals, enhancing animal wellbeing, or evaluating HPA activation
as an index of physiologic state. Rather, such studies should not
be undertaken lightly; they should be thoughtfully designed,
appropriately analyzed, thoroughly reported, unbiased in their
interpretation and conclusions, and undertaken with a firm un-
derstanding of both the benefits and the detriments of acute or
chronic activation of HPA systems.

Measuring Fecal Corticosterone Metabolites

Many factors must be considered when establishing an assay
for measurement of FCM. Several of these are summarized in
Figure 4 and are discussed in more detail later.

Research animals are generally exposed to stress in 2 types
of situations—intentional (experimental) and inadvertent
(husbandry-related). In general, the housing environment of
research animals should create stable conditions that are as-
sociated with regular diurnal rhythms of glucocorticoids and
catecholamines. A stable and low baseline supports the sensitiv-
ity and reproducibility of studies that require measurement of
glucocorticoid or catecholamine concentrations. However, cat-
echolamines and glucocorticoids, like other serum analytes (for
example, blood glucose, electrolytes), have physiologic normal
ranges. Statistically significant decreases from a low baseline
may be clinically and biologically insignificant and potentially
hard to reproduce, particularly when the reduced level remains
within the normal range.

Furthermore, levels below the physiologic normal range may
be pathologic. As an extreme example of this, removal of the ad-
renal cortex or medulla results in extremely low levels of corti-
costerone and epinephrine, respectively, that are physiologically
unhealthy and prevent the animal from coping appropriately
with homeostatic challenges. In such a situation, one cannot
assume that low levels mean the animal is experiencing a lower
state of stress; on the contrary, the animal may be impaired in
generating an appropriate ameliorative response to other chal-
lenges and may therefore experience more severe stress than
would have occurred had these mediators been available.
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Meaningful floor and ceiling normal ranges must be established
for any analytes before statistically significant changes can be
considered biologically or clinically significant. Establishment
of normal ranges appropriate for the subjects should also be an
important aspect of FCM assessment.

The metabolism of glucocorticoids is complex. Steroids that
are metabolized in the liver are excreted via the bile into the gut;
however, enterohepatic recirculation may allow some degree of
metabolite reabsorption and further hepatic degradation.357752
Intestinal microflora, environmental conditions, and male and
female hormonal status can also alter the array of FCM. 2267752
The gallbladder, when present, acts both to concentrate bile and
to serve as a bile reservoir. Some compounds may be present
in the gallbladder at concentrations up to 10 times greater than
those in hepatic bile.?” Such high concentrations, coupled with
biliary retention, may allow passive reabsorption of metabo-
lites through the gallbladder mucosa.?” Rats and mice obviously
differ substantially in enterohepatic circulation and biliary ex-
cretion because mice have a gallbladder and rats do not.? In
general, the biliary ducts are thought to assume the reservoir
and concentrating functions of a gallbladder in species lack-
ing that organ.**”” However, a classic publication® used quan-
tification of bile pigment to compare the concentrating ability
of the biliary system in rats and mice. The study found that in
mice, bile collected from the gallbladder was more concentrated
than that collected from the common duct of the same animal,
and the bile collected from the ducts during stasis had a pig-
ment concentration similar to that in the gallbladder.” In rats,
however, bile in the ducts did not become more concentrated
during stasis. Thus, the rat appeared to lack both the reservoir
and the concentration functions of a gallbladder.” The publica-
tion further speculated that the small size of the ducts and the
negligible tonus of the Sphincter of Oddi in rats appear to ne-
gate the function of the ducts as a reservoir.” To our knowledge,
these factors have not been studied comparatively in rats and
mice with regard to corticosterone metabolism and excretion
but suggest that caution be used when comparing methodology
or findings in different types of rodents or other species.

Establishment of normal ranges must consider the normal di-
urnal variation of corticosterone and FCM; this normal variation
renders the collection period for fecal samples crucial to gener-
ating reliable and interpretable results.” For both chronic and
acute studies, a 24-h collection period avoids the problems of
circadian variation and the timing of metabolism and excretion
relative to the time of the challenge. However, after defecation,
factors such as temperature, humidity, and bacterial enzymes
may influence the types and concentrations of immunoreactive
FCMs in the sample.** Because of this situation, collecting and
freezing samples at relatively short (for example, 3 h) intervals
may be warranted. In addition, because concentrations of some
substances may vary by as much as 40% between neighboring
fecal pellets in rats,* all feces excreted during a designated test
interval should be collected and processed to a homogeneous
sample prior to extraction of metabolites for assay.”” This pre-
caution avoids errors due to sampling frequency or circadian
shifts and can be repeated at appropriate intervals over an ani-
mal’s experimental life.

Many studies identify a specific diurnal time period of fe-
cal collection. However, the adequacy of this approach may
be compromised if treatments generate diurnal phase shifts or
changes in food intake or gut physiology. In a circadian study
using C57BL/6] mice, maximal, and minimal concentrations
of FCM respectively occurred during the first third of the dark
phase and at the beginning of the light phase.*® A comparison
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1. Establish normal range (floor and ceiling)

2. Consider the influence of the circadian rhythm on normal ranges, defecation pattern, and food intake

3. Control for postdefecation metabolism of FCM
4. Obtain a sufficient and representative fecal sample

5. Consider the putuntia] effects of species, strain, housing conditions, diet, gastrointestinal anatomy and physiulogy, and experimental use
(for example, surgery that may alter defecation patterns, treatments that may change food intake between experimental groups)

6. Validate extraction method and assay for recovery, sensitivity, and consistency by using internal standards.

7. Include samples from biologic positive and negative control treatments.

8. Consider the optimal way to report FCM findings (concentration or absolute amount).

9. Use appropriate statistical analysis, including transformations as necessary.

Figure 4. Factors to consider in measurement of fecal corticosterone metabolites in laboratory rodents.

of 2 inbred mouse strains, C57BL/6 and BALB/c, found differ-
ent strain-related diurnal patterns of defecation, with BALB/c
mice having a more pronounced rhythm than did C57BL/6
mice.” This difference was accentuated by a high-fat diet, which
displaced the rhythm in C57BL/6, but not BALB/c mice.*
C57BL/6 mice on a high-fat diet also consumed more of their
daily food intake during the light period, which could change
the defecation pattern.® In rats, peak diurnal FCM values were
detected 7 to 9 h after the peak plasma corticosterone concentra-
tion.>7# In a study of the impact of husbandry-related distur-
bances on FCM concentrations, higher levels were detected at
the same clock time on the day after as compared with the day
before the experimental perturbation, but because the perturba-
tion included a 3-h delay in light onset, the possibility of a phase
shift, as compared with a perturbation-induced increase, could
not be discounted.'® Therefore, what may appear to be an eleva-
tion in FCM excretion may, in fact, be a diurnal phase shift, a
change in food intake or gut physiology, or another aspect of an
experimental treatment.

The process of feces collection must be rigorously standard-
ized to prevent the collection procedure itself from causing
variation in the HPA response. Disturbing an animal for any rea-
son (for example, weighing, handling during a cage change, an
acute blood collection or administering an injection) could itself
change levels of blood glucocorticoids within 2 to 3 min after the
animal is first disturbed, with resultant changes in FCM.® In one
study, handling mice for transfer to both clean and dirty cages
significantly increased serum corticosterone at 15 min after
transfer; however, at 60 min after transfer, concentrations were
comparable to those of unmanipulated mice,”” FCM were not
measured in the cited study, but could potentially have been at
least modestly elevated at some point after transfer. In another
study, FCM concentrations in male C57BL/6 mice were signifi-
cantly elevated at 24 h after handling and restraint to collect a
baseline blood sample via puncture of the retro-orbital sinus.?

In some cases, rodents are housed in wire-bottom or metabo-
lism cages to allow noninvasive collection of feces without dis-
turbing the internal cage environment.5'7**#%5 This advantage
may be countered by the need for individual housing, a perme-
able cage floor, and perhaps a novel food formulation or differ-
ences in enrichment. BALB/c mice housed in metabolism cages
for 21 d excreted approximately 10-fold higher amounts of FCM
than did mice housed in standard caging.” In contrast, a study
comparing rats housed for 3-d sequential periods in standard,
metabolic, and again standard caging found that the rats pro-
duced significantly larger amounts of feces when housed in the
metabolic caging, yet FCM excretion, expressed as nanograms
per 24 h and per kg body weight, did not change.” Collection
of feces from group-housed animals in solid-bottom cages by
necessity entails some amount of animal disruption.

Nonetheless, this amount of disruption may be far less
than that caused by blood sampling to measure plasma

corticosterone. Measuring plasma corticosterone from group-
housed rodents usually results in lower values in animals that
were sampled first and higher values in the animals that were
sampled subsequently,* indicating an on-going HPA response
in animals that remained in the disrupted cage for longer peri-
ods after the initial disturbance. These findings led to the con-
clusion that sampling should be completed within 3 min after
disturbance to measure accurate baseline concentrations.*” Be-
cause the FCM level is a reflection of plasma levels during the
hours prior to sampling, rapid confounding effects of disruption
are avoided, even with group housing. Nonetheless, if group
housing or housing on bedding is essential, the collection must
be standardized. For example, animals could be relocated daily
into clean cages so that all feces can be collected from the used
cage, and all animals would experience a similar degree of dis-
ruption.

Several quality-control measures should be applied to assays
for FCM. First, metabolite extraction from feces is necessary to
prepare samples for use in an immunoassay. Because FCM is
a mixture of different metabolites with a wide range of polari-
ties, an appropriate extraction technique must be selected and
validated.”®*#* An internal standard should be included in the
extraction procedure for quantification of extraction propor-
tions. Second, a given immunoassay should be validated with
regard to at least 4 properties: 1) specificity (that is, the ability
to detect compounds of interest in the sample matrix being
analyzed); 2) parallelism of serial dilutions of sample with the
standard curve; 3) accuracy in detecting exogenously added
internal standards added to the sample prior to extraction and
over a range of concentrations; and 4) limitations of the assay
(for example, limits of detection, within- and between-assay
variance).”” The inclusion of a standard created from pooled
samples that are frozen after extraction (ideally, one with high
and one with low values found on the standard curve) can be
used to test for assay reproducibility over time. With regard to
measuring FCM, both radioimmunoassay and enzyme-linked
assay kits designed to measure corticosterone in serum have
been formulated and validated specifically for that compound
in that matrix. However, such kits may not have been validated
for measurement of FCM. Validation should determine that
the antibody used has adequate crossreactivity for detection
of FCM, as compared with high specificity for corticosterone
itself.””7 Conversely, a given antibody detects different metab-
olites differentially, such that interanimal differences in metabo-
lism and differences across experimental groups may increase
both random and systematic variance, perhaps distorting the
data and its interpretation. Third, because species, strain, age,
sex, and experimental treatment can all affect the types of FCM
formed, both the extraction method and the assay system must
be validated for measuring FCM under the conditions being
tested.® In other words, animal characteristics or treatments
may change the specific array of FCM being excreted, rather
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than changing HPA activation and circulating corticosterone.
Differences in the metabolite profile may influence extraction
efficiency or antibody reactivity, thereby potentially influenc-
ing outcome measures disproportionately among experimental
groups and potentially leading to misinterpretation."”

Fourth, both positive (ACTH) and negative (dexamethasone)
control treatments should be tested to assure that the assay be-
ing used will detect expected outcomes.””*# For example, one
study found that intravenous administration of low and high
doses of ACTH to rats both resulted in a rapid and significant in-
crease in circulating corticosterone in 3 min after injection, with
levels significantly elevated for 90 min after the low dose and
for 240 min after the high dose.” However, a significant increase
in FCM was present for 8 h after the high dose but was not de-
tected after the low dose.” The authors concluded that FCM
could be used as a measure of exposure to a substantial stress
(for example, surgery) but was not sensitive enough to reveal
minor or short-duration stress.” An additional useful control is
a biologically relevant test. in which the animal is exposed to a
known stressor to document that the method will appropriately
measure FCM in response to known in vivo stressors.”*”” Fifth,
FCM can be expressed in terms of concentration or an absolute
amount.* These measures are correlated but do not necessarily
respond comparably across animals and experimental situa-
tions. For example, in male rats, diurnal variation and the effects
of ACTH and dexamethasone were reflected accurately by us-
ing either concentration or an absolute amount.* However, in
female rats, dexamethasone-induced suppression of FCM was
apparent using either measure, but ACTH-induced stimula-
tion was detected only if the data were expressed in terms of
concentration.® Therefore, care should be taken in determining
how to best express data. Finally, FCM may show a log-normal
distribution, such that data must be transformed for some types
of statistical analysis.*’

Concentrations of FCM vary not only with the amount of cir-
culating corticosterone but also with diet, the metabolic capacity
of the liver, gut contents, gut motility, and the amount of feces
produced.’****! For example, feeding mice a high-fat diet low-
ered FCM excretion by about half as compared with mice on a
standard diet and also reduced fecal mass to approximately one
third.* Challenging mice with synthetic ACTH and dexametha-
sone produced the expected respective increase and decrease in
FCM, but the magnitude of the drug effects was less than was
that related to diet.*” As another example, an animal that has
been fasted and then subjected to surgery is likely to produce
smaller amounts of feces in the early stages after operation, per-
haps with associated higher concentrations of FCM.** Although
anumber of studies have suggested the use of FCM as a marker
for pain,>*® other physiologic effects related to surgery (for
example, postoperative ileus or reduced food intake) could con-
tribute significantly to altered FCM concentrations. Therefore,
caution is necessary when interpreting FCM data in associa-
tion with changes in diet, food intake, or intestinal motility or
absorption. If fecal output is reduced, then expressing FCM as
output per mass of sample could result in potentially mislead-
ing conclusions.”’ In one study, mice underwent isoflurane an-
esthesia with or without vasectomy; behavior was evaluated for
8 h after surgery; and body weight, food and water intake, and
FCM were measured for 3 d before and after the procedure.* Va-
sectomized mice showed postoperative behavioral changes and
reduced food and water consumption and defecation, whereas
anesthetized control mice—but not vasectomized animals—
showed elevated FCM on the first day after anesthesia.* The au-
thors concluded that food and water consumption and behavior
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were potentially useful markers of postoperative pain in vasec-
tomized mice, but FCM concentrations were not.* Similarly, in
mice subjected to arterial catheterization, plasma corticosterone
levels were increased, and body weight fell after surgery, yet the
total FCM excretion was significantly reduced during the 24 h
after surgery, as was defecation.® Buprenorphine treatment sig-
nificantly lowered the plasma corticosterone levels but had no
effect on FCM excretion or body weight change.® The authors
concluded that FCM excretion was not useful for assessment of
postoperative stress in this model.®

To summarize, measurement of FCM in principle allows for a
time-integrated measure of HPA activation after an acute stress
or during prolonged stress but entails both procedural and in-
terpretational pitfalls that must be recognized and managed to
produce accurate and meaningful conclusions.

Interpreting Changes in Corticosterone and
its Metabolites: Homeostasis, Allostasis,

Hormesis, and Resilience

In their outstanding review, Sapolsky and colleagues present
a compelling synthesis of 3 ideas: 1) Selye’s classic view that
stress-induced secretion of glucocorticoids enhances and medi-
ates the physiologic and behavioral responses to stress, 2) Ingle’s
view that basal glucocorticoid levels are permissive of the stress
response, and 3) abundant data on glucocorticoids as agents
that limit and contribute to recovery from the stress response.”
Sapolsky’s review distinguishes between 2 classes of glucocor-
ticoid actions: modulatory, which alter an organism’s response
to the stressor; and preparative, which alter the organism’s re-
sponse to a subsequent stressor or aid in adapting to a chronic
stressor (Figure 5).”” The modulatory actions of glucocorticoids
are then subclassified as permissive, suppressive, and stimulat-
ing (Figure 5).” However, these actions and effects are complex;
they occur in tandem as well as in series, and individual media-
tors interact with other mediators and their effects (Figures 1
and 3). Other considerations also complicate these effects and
interactions. Dose-response relationships for glucocorticoids
can be monotonic, with responses occurring in proportion to
increasing glucocorticoid concentrations and receptor interac-
tions, or, alternatively, may exhibit bell-shaped or biphasic rela-
tionships (Figure 6).” Furthermore, the timing and duration of
glucocorticoid exposure, including circadian effects, also influ-
ences the effects of glucocorticoid exposure.” Sapolsky’s review
poses 4 questions that should be used to determine whether and
how specific glucocorticoid actions contribute to a presumed
stress response: 1) Does a particular glucocorticoid action en-
hance or reduce the effects of other stress-responsive hormones
(conformity)? 2) When does the action appear relative to the on-
set of stress (time course)? 3) Is the physiologic stress response
mitigated when the stress-induced rise in glucocorticoid activity
is blocked, and, conversely, does replication of stress-induced
secretion provoke the expected stress response (subtraction and
replacement)? and 4) Does a particular glucocorticoid action
permit, stimulate, or suppress the stress response, or prepare the
organism for the next stressor (homeostasis)?”

Claude Bernard® was the first to propose that maintenance of
relative constancy in the internal environment is essential for
life. Walter Cannon subsequently introduced the term homeosta-
sis, which can be defined as a state of constancy that is achieved
through processes that resist change.”” According to this view,
deviations in external or internal environments are countered
by opposing responses that restore the basal or initial conditions
which, by default, are generally considered to be biologically

http://prime-pdf-watermark.prime-prod.pubfactory.com/ | 2025-02-25



Fecal corticosterone metabolites in laboratory rodents

Category Mediator Timing Effect Systems affected
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stressor utilization in the brain
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glucocorticoid concentrations
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asub F}qulll'l'lt stressor

Figure 5. Types of glucocorticoid actions that contribute to stress responses.Adapted from Figure 1 and Tables 1 and 2 in reference 75.

optimal. Going a step farther, Mrosovsky*? explained examples
of apparent lack of homeostasis by stating that “A change in
the defended level of the internal environment is an elabora-
tion, not a contradiction, of homeostasis” (p 13). This concept,
which is now known as allostasis, refers to a situation in which
the animal physiologically and/or behaviorally adapts to an
environmental or physiologic challenge it experiences (for ex-
ample, chronic cold, limited food availability).*” These adap-
tive responses promote physiologic and behavioral coping and
confer resilience in the face of such challenges. Allostasis and
homeostasis (which functionally is a special case of allostasis) are
both usually achieved at a cost in the form of energy or effort
that is incurred to either make a change or to resist it. That cost
has been termed “allostatic load” and can be regarded as a stress
to the organism. Laboratory environments typically provide few
or deliberately avoid, situations that invoke resilience, with the
potential exception of the low ambient temperature at which
laboratory mice are often maintained.!**

The term hormesis refers to a situation in which an organism’s
response to a low dose or intensity of a substance or stimulus
is qualitatively different from the response to high-dose ex-
posures.”> As a biologic phenomenon, hormesis occurs when
exposure to a low dose of an agent has a beneficial effect (for
example, improved health, greater stress tolerance, extended
longevity) whereas higher doses or exposures are deleterious,
toxic or lethal. To a large extent, the effects of both glucocorti-
coids and stress, in general, are examples of hormesis, with both
acting in a nonlinear, inverted U dose-response curve as a function
of stress severity or glucocorticoid concentration (Figure 6).67
For example, glucocorticoids may enhance target tissue sensitiv-
ity to a cytokine while simultaneously lowering the concentra-
tion of the cytokine.** An inverted-U effect of glucocorticoids
can also result from a dose-dependent difference in the stimu-
lation of mineralocorticoid receptors (MR) and glucocorticoid
receptors (GR; Figure 6); for example, low corticosterone levels
enhance T cell responses through MR but suppress them at high
concentrations through GR.*

An important modulator of MR or GR action is the enzyme
11B-hydroxysteroid dehydrogenase, which exists in 2 isoforms
and is often colocalized with these receptors. The type 2 enzyme
transforms corticosterone into its inactive metabolite cortisone
and thereby reduces the concentration of corticosterone at ad-
jacent MRs.” In tissues that express the type 2 enzyme, such as

kidney and salivary glands, this process prevents the activation
of MRs (which otherwise have high affinity to glucocorticoids)
by corticosterone and allows aldosterone to be the primary li-
gand. Although the type 2 enzyme is widely expressed in de-
veloping rodent brain, in adults it is limited to a few brainstem
regions.” Therefore, in adult hippocampus, the MR that are ex-
pressed are normally fully occupied by even low or basal levels
of glucocorticoids. In general, MR occupancy enhances synap-
tic plasticity, whereas GR occupancy impairs it, generating an
inverted-U pattern from these opposing effects.™

Therefore, allostasis mediators like glucocorticoids can have
beneficial adaptive effects in response to mild-to-moderate
stressors that are relatively brief in duration, yet they can have
maladaptive and damaging effects in 4 situations: 1) repeated
challenges, particularly those that are unpredictable; 2) inabil-
ity to adapt or habituate to repeated challenges; 3) failure to
terminate the response when the challenge ends; and 4) failure
to mount an adequate response to the challenge.* In general,
acute stressors cause a rapid surge of neurotransmission, neu-
ronal activation, and hormone release that is followed by rapid
return to baseline levels; however, this transient response can
trigger alterations in gene expression that may have longer-
lasting effects) (Figure 3).*® By contrast, chronic stress—some-
times defined as stress that lasts a week or more—can provoke
sustained or progressive changes in the expression of particu-
lar genes, structural alterations in neurons, and neuronal firing
patterns that may cause prolonged deviations from the normal
network function.® The phenomenon of hormesis underscores
the importance of establishing normal ranges for interpreta-
tion of the potential beneficial or harmful effects of glucocor-
ticoids and, by extension, adaptive coping or maladaptive
dysregulation.

The many types of stressors; the age, sex, strain, and genetic
background of the animal; and contextual factors, such as the
ambient temperature, the presence of conspecifics, or the point
in the diurnal rthythm at which the stressful event takes place, all
trigger the deployment of a wide variety of interactive signaling
molecules that mediate the temporal and contextual response
to the stress situation (Figures 1 and 3).1***%7* The deployment
of these many modifiers is blurred in the measurement of FCM
because rather than measuring the original active signaling mol-
ecule, this noninvasive approach instead measures unspecified
metabolic end products of the hormone after it has been cleared
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from the circulation and extensively modified by bacteria in
the gut.?* Furthermore, individuals may differ with regard to
the type and relative amounts of the hormone metabolites they
form.** Because a given antibody detects different metabolites
differentially, interanimal differences in metabolism, as well as
differences across experimental groups, may increase both ran-
dom and systematic variance, thereby perhaps distorting the
data and its interpretation.*

In addition, even genetically and environmentally identi-
cal individuals of the same species can show highly divergent
responses in the same situation, reacting, for example, as ag-
gressive or submissive, bold or cautious, proactive or reactive,
fight or flight or freeze.* Individual conspecifics may even dif-
fer with regard to whether a particular event or internal state is
perceived as stressful.” Different individual responses reflect
individual differences in the activation or suppression of the
physiologic, neuroendocrine, and neural mechanisms that are
invoked in the context of the ecologic situation.*® Individual
variability in perceived stress, resilience and vulnerability to
stress-related disease is an important topic in today’s world.”
A critical question for both individuals and populations is the
point along the axis of stress severity that is the tipping point
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of the inverted-U for any particular stressor, setting and context
(Figure 5).7*

To summarize, glucocorticoids have numerous functional ef-
fects that depend, in part, on whether HPA activation was reac-
tive to or anticipatory of the stressor. In either situation, these
effects are not inherently negative. Rather, they may benefit or
facilitate adaption, coping, or resilience of an organism when
faced with an environmental challenge. Therefore, the interpre-
tation of the effects of elevated glucocorticoid concentrations on
the organism is highly dependent on the environmental context
in which the increase occurs.

Examples of Allostasis and Resilience

Social housing and environmental enrichment. Group hous-
ing of social animals is generally viewed as providing a posi-
tive contribution to welfare. However, the influence of social
housing with regard to perceived stress is complex. In their
natural situation, rodents often live in large underground bur-
row systems, with large and interconnected populations that
are segregated into groups of either the same or mixed sex.t!
To study behavior in such environments, laboratory burrow
systems have been developed in which a large enclosure is
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subdivided into enclosed (simulating underground) chambers
of varying sizes connected by tunnels and an uncovered (simu-
lating surface) region.*"**¢” Individual animals within the group
can be studied using electronic surveillance. Despite supportive
features of this environment (ample food and water, constant
temperature, no predators), unrelated males fight and estab-
lish dominance hierarchies independent of the presence of fe-
males."! After initial fighting has waned, subordinate animals
show persistent submissive behaviors, eat less and lose weight,
and may die prematurely.” In one study, groups of 4 male and
2 female Long—Evans rats were placed together in the burrow
system for 2 wk."! One dominant male emerged in each colony."
At the end of the 2-wk study, the dominant males had lost a
small amount of body weight (approximately 5%) whereas the
subordinate males had lost over 20%.!! Furthermore, the basal
plasma glucocorticoid levels of subordinates were 2- to 4-fold
higher than those of dominants, and, regardless of dominance
status, all males from the burrow system had glucocorticoid
levels similar to or higher than those of singly housed male con-
trols."! However, variation in weight and HPA status occurred
most prominently in males when they were group-housed with
females; this variation was generally minimal or absent in all-
male colonies. Later studies included male—female pairs to al-
low for sexual interaction and to avoid social isolation.?*8!

The variation in body weight and HPA status among mixed-
sex group-housed rats in visible burrow systems shows that
individual animals respond differently in a social situation de-
pending on their social status and that the animals in the group
can become to some extent physiologically distinct.’***? This
basic conclusion has been corroborated in several studies of
commonly-used laboratory strains of rats or mice in studies
comparing individual and group housing: glucocorticoid levels
are either the same or lower in singly housed animals,’*354245
despite some differences related to strains and housing den-
sity.** One study showed that after separation of group-housed
female mice, the concentration of FCM decreased from day 1 to
day 3 after separation and stabilized at these lower concentra-
tions during days 4 to 7, suggesting an adaptation to individual
housing that was associated with lower HPA reactivity.**

Some evidence suggests that group housing produces resil-
ience to subsequent physical or psychologic stressors,*** pos-
sibly by means of a direct priming effect of periodic mild stress
that is present due to social interactions. For example, in one
study, group-housed mice showed lower elevations in serum
corticosterone in response to restraint than did singly housed
mice.” Therefore, although group housing of social animals is
commonly thought to reduce stress and thereby be beneficial,
group housing may be beneficial precisely because it produces
relatively low-level stress via short adversarial encounters that
the animal can manage by either aggression, submission or es-
cape. Such relatively mild stressful encounters may promote re-
silience.”””2 The critical point here is that elevation of circulating
corticosterone or FCM is likely stress-related, but the overall re-
sponse is beneficial in the context of the animal’s environment.

As with social housing, providing environmental enrichment
(EE) is also commonly viewed as a positive strategy for enhanc-
ing rodent wellbeing. However, as with social housing, the
effects of EE are also complex, and EE can be associated with ap-
parent HPA and SAM activation in rats and mice.#*>*°¢! Baseline
plasma corticosterone levels were elevated in 2 rat stocks after
6 wk of EE.* In response to restraint stress, hormone levels in
EE rats tended to peak earlier and approach or exceed baseline
values more quickly than occurred in the comparable control
groups.* In another study, EE rats had higher resting plasma

Fecal corticosterone metabolites in laboratory rodents

corticosterone concentrations, larger adrenals, and a greater
corticosterone release to buspirone challenge than did control
rats.®! Furthermore, EE rats also showed lower ACTH, corticos-
terone, and adrenaline responses in response to handling.® EE
mice showed a shorter freezing time and no HPA reactivity in
a stress paradigm, in contrast to mice housed under standard
conditions.® In a study of male mice housed 4 per cage, EE was
associated with increased aggressive behavior and significant
elevations of plasma corticosterone concentrations and adrenal
tyrosine hydroxylase activities, indicating activation of both
HPA and SAM systems.® In these examples, HPA and SAM ac-
tivation in EE animals does not necessarily reflect a negative
condition but rather may prepare the animals to better adapt to
new situations.#5545561

Food deprivation and caloric restriction. The standard condi-
tion for management of research rodents (as compared with
many other species of animals) is continuous free access to nu-
tritionally balanced food, usually a grain-based, low-fat com-
mercially available chow. However, in the long term, free access
feeding of rodents is associated with excessive body fat gain,
metabolic disease, and shortened life span.™

Chronic caloric restriction is well known to increase life and
health span in rats, mice, and numerous other species®*****> and
provides a good example of hormesis in association with mod-
erate HPA activation®”® as compared with activation induced
in rodents by physical stress.?**'7*%8 For example, restriction of
Sprague-Dawley rats to about 45% of the food consumed by
rats with free access to food resulted in daytime glucocorticoid
levels that were less than 2-fold higher in restricted as compared
with free-access rats.”* Moderate early-life nutritional stress cre-
ated in situations such as heavy competition for nursing or a
low-protein maternal diet can produce a modest reduction in
the growth of the pups but resistance to metabolic disease and
increased life span in the adult animal, with glucocorticoid
levels that were about 50% higher in the mature offspring of
protein-restricted dams.'*”® One report suggests that elevated
corticosterone induced by long-term dietary restriction may
be detrimental to learning but that this unfavorable effect is
balanced by numerous protective mechanisms that are also in-
duced by dietary restriction and that are reflected in improved
long-term functional outcomes.*

Some studies suggest that HPA activation is stronger in im-
posed as compared with voluntary weight loss.** In one study,
rats that were exposed to chronic variable stress for 2 wk volun-
tarily reduced their food intakes; these rats were compared with
both control rats and weight-matched rats that received rationed
food twice daily.”® Exposure to 30 min of novel restraint elicited
a significant increase in plasma corticosterone in all groups;
however, basal levels were higher in the rationed group.” Food
restriction reduced adrenal weight, whereas chronic variable
stress induced adrenal hypertrophy.® A similar distinction be-
tween voluntary and imposed food restriction was observed
when rats made obese by feeding high-fat diet were caused to
lose comparable body weight either by either gastrectomy or by
a restricted ration that was fed once daily for 30 d.* At the end
of this time, both gastrectomy and rationed animals weighed
about 15% less than obese rats with continued free access to the
high-fat diet.» However, basal morning plasma glucocorticoid
levels were 2.5-fold higher in the rationed animals than in free
access and gastrectomy groups.” A parallel study found that
hypothalamic corticotrophin-releasing hormone (CRH) mRNA
was 3- to 4-fold higher in rationed rats as in free-access and gas-
trectomy groups, comparable in magnitude to their respective
changes in basal glucocorticoid levels.?” However, in both of
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these studies,”? the rationed group likely consumed their total
ration at least 12 h before blood sampling, whereas groups with
free access to food presumably had been eating through the
night until shortly before the sampling time. Because the avail-
ability of the restricted food ration was not paired in time to the
food consumption of the nonrestricted groups, the difference in
HPA activity could reflect an interaction of acute (deprivation)
and chronic (weight loss) causes.

Acute food deprivation is also associated with elevated cir-
culating glucocorticoid levels, which in turn promote energy
availability, including gluconeogenesis. Basal or nadir gluco-
corticoid levels generally have been reported to increase by up
to approximately 5-fold after 1 to 2 d of total food deprivation.
The importance of HPA activation in this outcome is supported
by a study” of mice with a disrupted gene encoding CRH; this
disruption rendered the mice unable to secrete corticosterone.
When free access feeding was permitted, CRH-deficient mice
had the same body weight and plasma glucose as CRH-replete
mice. However, after 36 h of food deprivation, plasma glucose
fell significantly more in CRH-deficient mice as compared with
CRH-replete mice. Furthermore, rodents subjected to food de-
privation show a marked reduction in hepatic metabolism of
corticosterone ®## In a study that used rats, food deprivation
for 48 h increased plasma glucocorticoid by 34%; however, the
clearance rate of a radioactive glucocorticoid bolus was concur-
rently reduced by approximately 30%, which was sufficient to
explain the rise in level without change in secretion.*” Another
study in rats found approximately a 4-fold elevation in morning
(nadir) glucocorticoid levels after 60 h food deprivation in rats;
this increase was associated with a 27% decrease in CRH mRNA
in the paraventricular nucleus of the hypothalamus, suggesting
reduced HPA activation during food deprivation.* In mice, a
48-h period of food deprivation was associated with a 2-fold
increase in plasma glucocorticoid and a 30% increase in hypo-
thalamic CRH mRNA .*? Increasing the duration of deprivation
to 72 h did not further increase either dependent variable.”

To summarize, in interpreting food deprivation-related in-
creases in circulating glucocorticoid levels, several factors
should be considered: 1) the magnitude of these changes in
glucocorticoids and related HPA variables after food depriva-
tion is small in comparison to the effects of physical stressors;
2) the changes do not linearly reflect the period of deprivation;
3) the changes are not in any clear way related to physical or
psychologic stress; 4) the increase is likely due in large part to
reduced clearance, as compared with increased secretion; and
5) the changes likely allow the animal to maintain homeostasis
during the period of deprivation by mediating compensatory
and ameliorative physiologic adjustments.

Conclusions

Blood levels of corticosterone are highly variable. They natu-
rally oscillate with circadian and ultradian rhythms and increase
rapidly in response to a variety of stressors. The response to a
stressor depends on many factors, including the time of diurnal
phase of exposure to the stressor, the animal’s prior experience
with the stressor, its duration, and its perceived severity. These
factors, together with the temporally changing nature of the
physiologic response to stress, make single-time—point mea-
sures of corticosterone difficult to interpret as a diagnostic tool.
The magnitude and duration of corticosterone secretion may
be measured in terms of FCM, which may provide a somewhat
time-averaged and therefore perhaps generally representative
measure of the impact of a stressor on the HPA axis. However,
as reviewed here, studies that use FCM measurements must be
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carefully designed, performed, analyzed, and interpreted. Fur-
thermore, physiologic or behavioral adaptation may develop to
allow adaptive coping to long-term perturbations.

Exposure to low or moderate intensity and brief or escapable
stressors can promote physiologic and behavioral resilience,
which is particularly relevant for animals in long-term studies.
In such situations, the ideal housing may be a stable situation in
which any stressors that the animals experience (for example,
handling, administration of treatments, aggressive cage mates,
low ambient temperature, limited food availability) are of a fre-
quency, duration, and intensity that allow them to invoke adap-
tive physiologic or behavioral escape responses. Elevations in
HPA activity and basal glucocorticoid levels may be crucial to
such adaptation and are not necessarily indicative of excessive
stress, but rather of managed stress.

As a side note, the literature on this topic is challenging to
review due to the absence of key data from many studies (for
example, the age, strain, or sex of the animals; features of the
housing and environment; key analytic controls, and elements
of statistical design and analysis). This lack of key information
compromises the reader’s ability to interpret the work and ren-
ders the studies difficult and perhaps impossible to reproduce,
perhaps even by the same laboratory. Statistical power is rarely
if ever discussed, nor are normal ranges for key analytes. A Co-
chrane-type review and/or a consensus statement by involved
organizations would perhaps guide future research on these
important topics.

Finally, this overview is in no way intended to challenge the
importance of studies aimed at optimizing the environments
and management of research animals, maximizing animal well-
being, or evaluating HPA activation as an index of physiologic
state. Rather, such studies should not be undertaken lightly;
they should be thoughtfully designed; appropriately analyzed;
thoroughly reported, unbiased in their interpretation and con-
clusions; and undertaken with a firm understanding of both
the benefits and the detriments of acute or chronic activation of
HPA systems. Recognizing that 1) we will likely never be able
to completely prevent HPA activation in research animals; 2)
accomplishing this might indeed be detrimental by limiting the
animal’s ability to manage stress; and 3) we can often recognize
experimental design flaws in retrospect (including in our own
work), we contend that the goal of research in this area should
be to identify those features that make an environment support-
ive, predictable, and stable in the context of HPA and SAM acti-
vation. The normal biologic role of these systems is to mitigate
or prevent adverse effects of transient and low-level perturba-
tions of homeostasis, thereby promoting stable levels of animal re-
silience, health, and wellbeing. Finally, researchers who focus on
assessing or mitigating stress in research animals should design
the experiments and interpret the resultant data in light of cur-
rent knowledge about the scientific underpinnings of homeo-
stasis, allostasis, and hormesis, avoiding the simplistic view of
glucocorticoids simply as simple markers of stress, and stress as
an avoidable and fundamentally unhealthy component of life.
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