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Glucocorticoid levels are used widely as a marker of stress 
in vertebrates.3,9,32,37 Traditionally, endocrine status is assessed 
from blood samples. This approach is limited, however, par-
ticularly in the case of glucocorticoids.32 Their concentrations 
not only exhibit considerable circadian and episodic fluc-
tuations11,13,24,51-53 but also may be increased markedly by the 
sampling procedure itself. These problems are especially pro-
nounced in small rodents. Any capture, handling, or bleeding 
technique almost inevitably causes an increase in glucocorti-
coid levels within a few minutes.7,11,43 To avoid this problem, 
noninvasive sampling methods are being introduced. An easy 
solution is to measure glucocorticoid metabolites in fecal sam-
ples. Usually, glucocorticoid metabolites extracted from feces 
and assessed by an enzyme immunoassay or radioimmunoassay 
accurately reflect glucocorticoid levels in circulating blood after 
a specified time lag.32,37,51

Even with this approach, the collection of the fecal samples 
may itself affect levels of measured metabolites. When repeated 
or even continuous sampling is necessary, any disturbance of 
the studied animal may significantly alter the levels of gluco-
corticoid metabolites in subsequent samples. A wire-mesh grid 
bottom is an appropriate solution for the collection of repeat 
samples from individually housed rodents.52 Nevertheless, 

many rodent species, including the most common laboratory 
animals such as mice and rats, are not solitary (except, for 
example, golden hamsters). They live in monogamous units 
(Mongolian gerbil1), polygynous or promiscuous families 
(house mouse8), and even larger societies (Norway rat5). Access 
to social contact with conspecifics promotes the welfare of these 
animals.35,54 Consequently, social isolation of the experimental 
subject, a common practice among studies assessing glucocor-
ticoid levels, may act as a stressor directly14,49,56 or as a result of 
unavoidable manipulation of the animal. Consequently, even 
brief isolation may interfere with the experimental design.16,46 
Furthermore, in laboratory animals such as guinea pigs, dif-
ferences in glucocorticoid levels between group-housed and 
individually housed animals have been reported.25 In addition 
to the direct effect on glucocorticoid levels, prolonged social 
isolation of mice is known to enhance their aggression.4,44

In addition to isolation, various social factors can be stres-
sors under both natural and laboratory conditions. Social 
stress plays a key role in the intrinsic regulation of rodent 
populations through mortality and reduction of reproductive 
activity.5,6 Social stress clearly accompanies almost all conflicts 
of interests between family or group members (for example, 
dwarf mongoose (Helogale parvula)7). Therefore, any social 
interaction is potentially stressful, and glucocorticoid levels 
should be monitored in most behavioral studies dealing with 
social animals.

Egyptian spiny mice (Acomys cahirinus Desmarest, 1819) are 
nocturnal,57 desert-dwelling rodents36,59 found in a wide range 
of habitats across North Africa. Despite their earlier system-
atic placement, spiny mice are more related to gerbils than to 
true murids, which belong to the subfamily Murinae and are 
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The central compartment was separated from the lateral ones 
by wire-mesh partitions fixed to low glass bases (125 mm). A 
metal sliding door (100 × 85 mm) operated from the outside is 
placed in each wire-mesh partition. The adjacent lateral com-
partments were separated by fixed glass partitions.

A 7 × 7-mm wire-mesh grid floor was positioned in each 
compartment at 90 mm above the glass bottom. The space below 
the grid was freely accessible from the open front and back. 
The glass bottom of each compartment was covered with clean 
filter paper, allowing the collection of fecal samples. As in the 
breeding cage, each compartment of the experimental cage was 
supplied with a shelter, a branch, food, and water.

represented by rats and house mice.29,30,50 Spiny mice have 
an extremely long gestation period (38 to 39 d) and produce 
small litters (mean, 2.3) consisting of well-developed precocial 
offspring. They exhibit no behavioral signs of stress under 
standard laboratory conditions and breed well. Therefore, this 
species has become widely used as an experimental model in 
both physiologic12,33,47 and behavioral38 studies. Cortisol is the 
main glucocorticoid in the blood of Egyptian spiny mice.23

We chose to study Egyptian spiny mice instead of more com-
mon laboratory rodents because spiny mice have a complex 
social organization involving individual and kin recognition,41,42 
communal nesting40 and paternal care.26 Our experience with 
captive breeding suggests that they are visibly sensitive to social 
stress. Further, in nature, these rock-dwelling animals climb and 
live on sharp substrates. Moreover, spiny mice do not build 
nests. Therefore, a grid floor may be a less unnatural substrate 
for spiny mice than for mice and rats.

The aim of this study was to design an apparatus that accom-
modated 1) routine repeated collection of an individual animal’s 
fresh fecal samples without disturbing other study animals; 2) 
continuous maintenance of study animals in a familiar environ-
ment; 3) group housing of animals; and 4) uninterrupted visual 
and olfactory communication between group members during 
sampling. We used Egyptian spiny mice to verify the usefulness 
of the apparatus and test the repeatability of the results.

Materials and Methods
Studied animals. Our spiny mice are descendants of a dozen 

founders captured in the vicinity of the Abu Simbel archaeo-
logical site in southern Egypt. The laboratory colony has been 
maintained outbred in numbers exceeding 50 pairs for about 
10 generations. The animals were kept in glass breeding cages 
(600 × 500 × 400 mm) with a sliding front door and wire-mesh 
ventilation in the upper part of the back side. Wood shavings 
were used as bedding material, a flowerpot with lateral open-
ing served as a shelter, and some branches for climbing and 
gnawing were provided as environmental enrichment. The 
light schedule in the animal housing room corresponded to the 
outdoor light cycle. The room was maintained under standard 
laboratory conditions (temperature, 22 ± 1 °C; relative humidity, 
37% ± 5%). Food (standard diet for rats and mice ST1, Velaz, 
Prague, Czech Republic) supplemented with a mixture of grains, 
bread, mealworms, apples, and fresh seasonal herb leaves 
and water were available ad libitum. During the experiment 
(and 2 wk before), the diet was standardized (solely ST1 diet). 
Spiny mice were kept in family groups consisting of 1 male, 2 
females (sisters), and their offspring. After gradual exposure to 
experimenters who minimized their intrusiveness, the animals 
became habituated to their presence.

Harm to experimental animals was avoided, and only 
noninvasive methods for sample collection were used. The 
experiments were performed in accordance with Czech law 
implementing all corresponding European Union regulations 
and were approved by the institutional animal care and use 
committee.

The apparatus. The front and top views of the experimental 
cage are depicted in Figures 1 and 2, respectively. The size of 
the apparatus was the same as that of the breeding cage. The 
experimental cage was subdivided into 5 compartments: a single 
central area (200 × 500 × 400 mm) and 4 lateral regions (200 × 
250 × 400 mm), 1 in each corner of the cage. Each compartment 
had a separate sliding glass door to allow access while caring 
for the animals. Above this door was a 50-mm wire mesh screen 
for ventilation, with water bottle holders.

Figure 1. Front view of the experimental apparatus. 1, wire-mesh 
screen; 2, glass sliding door; 3, wire-mesh partition; 4, metal sliding 
door operated from the outside; 5, grid bottom; 6, glass partition sepa-
rating compartments; 7, open front and back space for removing sam-
ples; 8, bottom space for clean filter paper, allowing collection of fecal 
samples.

Figure 2. Top view of the experimental apparatus. 9, central compart-
ment; 10, lateral compartments; 11, fixed glass partition.
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before being evaluated by this test. The second assay (EIA2) was 
developed for measuring 11-oxoetiocholanolone and reacted 
with FCM with a 5β-3α-ol-11-one structure (first developed for 
ruminants31). The intra- and interassay coefficients of variation 
were 9.1% and 14.0%, respectively, for EIA1 and 9.7% and 12.5%, 
respectively, for EIA2. These EIA procedures were validated 
for use in spiny mice by using an adrenocorticotropic hormone 
challenge test.34 The results of EIA1 and EIA2 were correlated (r 
= 0.53), but both were used, because each of the assays detects 
different FCM.

Statistical analysis. Results were analyzed with Statistica 6.0 
(StatSoft, Tulsa, OK) and a P value of 0.05 was selected as the 
threshold for statistical significance. We performed general 
linear model procedures in which the log-transformed con-
centration of FCM was used as a dependent variable. Animal 
identity was taken as a random factor to avoid pseudoreplica-
tions and sampling order as a continuous (or categorical in the 
case of the first series) fixed factor. The model evaluating sam-
ples collected both in the morning and evening also included 
time of sample collection as a fixed factor. Because FCM did not 
differ between male (mean: EIA1, 2738 ng/g; EIA2, 411 ng/g) 
and female (mean: EIA1, 2670 ng/g; EIA2, 447 ng/g34) spiny 
mice, sex was not included as a factor in the model.

Results
The FCM of male and female spiny mice varied significantly 

among subjects (EIA1: F15,75 = 14.76, P < 0.0001; EIA2: F15,75 = 
3.15, P = 0.0005). The effect of the sampling order was signifi-
cant only for EIA1 (EIA1: F5,75 = 3.53, P = 0.0064). In both EIAs, 
the highest mean FCM levels were found in control samples 
(Figure 3). The differences between the controls and subsequent 
values from days 7, 14, and 23 were significant according to the 
Dunnett test in the case of EIA1 (P = 0.0053, 0.0014, and 0.0360, 
respectively).

We found no effect of repeated sampling on FCM levels (EIA1: 
F1,173 = 1.96, P = 0.16; EIA2: F1,173 = 1.87, P = 0.17). Nevertheless, 
the results revealed clear differences in FCM levels among 
subjects (EIA1: F36,173 = 5.09, P < 0.0001; EIA2: F36,173 = 5.52, P < 
0.0001). Mean log values ranged from 7.16 to 8.80 (that is, 1288 
to 6609 ng/g feces) for EIA1 and from 5.45 to 6.71 (that is, 233 
to 818 ng/g feces) for EIA2. In the case of EIA1, a significant dif-
ference was present between samples collected in the morning 
and evening (F1,173 = 8.27, P = 0.005). Evening values measured 
by EIA1 were somewhat higher (mean = 3125 ng/g) than the 
morning ones (mean, 2300 ng/g). No such difference was re-
vealed by EIA2 (means of 431 and 433 ng/g for morning and 
evening, respectively). To illustrate repeatability of the results, 
we calculated correlations between mean values of the morning 
and the evening triads of samples: 0.62 (P = 0.0001) and 0.74 (P 
< 0.0001) for EIA1 and EIA2, respectively.

Prolonged confinement of an animal in 1 of the lateral com-
partments had no significant effect on FCM levels (EIA1: F1,23 = 
3.17, P = 0.0882; EIA2: F1,23 = 3.31, P = 0.0820; Figure 4).

Discussion
These results can be interpreted as a test of our apparatus. 

FCM levels were not elevated after the introduction of family 
groups of spiny mice into the experimental apparatus. Surpris-
ingly, in the case of EIA1, initial FCM levels corresponding to 
the previous environment of a standard breeding cage were 
even slightly higher than the subsequent ones reflecting ex-
perimental conditions. Thus, subdivision of the cage into the 
compartments with separate shelters, multiple food and water 

Collection of fecal samples. Except during the brief sampling 
period, all 4 metal doors were left open to allow free move-
ment of the animals throughout the compartments. At the 
beginning of the sampling, when animal voluntarily entered 
a lateral compartment without conspecifics, the experimenter 
closed the sliding door from the outside using separate wire 
rods, shutting the animal inside. Because spiny mice are active 
animals, moving frequently from compartment to compartment, 
the procedure of sequestering individual subjects for sampling 
usually takes just a few minutes. The 4 lateral compartments in 
each cage allowed sampling of 4 individual animals simultane-
ously. The paper covering the glass bottom of the compartment 
was replaced with a new sheet, which was removed (with feces) 
4 h later. The fecal samples were placed in 1.5-mL microfuge 
tubes and immediately frozen at –20 °C for subsequent analysis. 
The metal door was then opened, allowing the animal to rejoin 
the group.

Experimental procedures. At the beginning of each experi-
mental series, a family group was transferred from the breeding 
cage to the experimental cage. First we tested whether the 
introduction of spiny mice into the experimental apparatus 
itself increased fecal cortisol metabolites (FCM) levels. For this 
purpose, we moved 5 family groups (11 male and 5 female mice) 
into experimental cages and repeatedly collected fecal samples 
of each studied animal from 2 to 6 h after the beginning of the 
light period (that is, 1000 to 1400 h) to reflect circulating glu-
cocorticoid levels at the end of the dark period. The sampling 
periods were designed to detect: 1) circulating glucocorticoid 
levels in undisturbed animals (these samples were collected 
immediately after transfer and could provide control or baseline 
values because of the delay between elevations in circulating 
glucocorticoid concentrations and the resultant increase in fecal 
concentrations of metabolites); 2) the putative adaptation period 
(days 7 and 14) after transfer; and 3) putative baseline on days 
23 through 25 after transfer.

Second, we tested 5 family groups (16 male and 21 female 
mice). After a 7-d adaptation to the experimental cages, indi-
vidual animals each were sampled on 3 consecutive days in the 
morning from 0800 to 1200 (that is, starting 1 h after the begin-
ning of the light period to reflect circulating glucocorticoid levels 
at the dark period) and in the evening from 1800 to 2200 (that 
is, starting 1 h before the beginning of the dark period to reflect 
values of circulating glucocorticoid during the light period).

In addition, we tested the effect of prolonged sequestration 
of the experimental animal on FCM levels. Each of 4 male and 
4 female spiny mice was confined to a lateral compartment for 
3 d (76 h). Samples were collected daily from 1400 to 1800 (that 
is, starting 7 h after the beginning of the light period and reflect-
ing circulating glucocorticoid during the light period). The first 
sampling period started immediately after the animals were 
confined to obtain samples reflecting baseline values.

Assessment of FCM. Each sample was well homogenized with 
a mortar and pestle, a 0.05-g aliquot was placed in a1.5-mL tube, 
and 1 mL 80% methanol was added as described.53 Samples 
were vortexed for 15 min and centrifuged (11,500 × g; model, 
5415 C microcentrifuge Eppendorf, Germany) for 2 min. The 
supernatant (800 µL) was transferred into new tubes. Aliquots of 
the supernatant were diluted 1:10 with assay buffer (Tris/HCl 20 
mM, pH 7.5), transferred to new titer tubes and frozen at –20 °C 
until analysis. For determination of the amount of FCM, we used 
2 established enzyme immunoassays (EIA). The first assay was 
designed to evaluate 5α-pregnane-3β,11β,21-triol-20-one (EIA1) 
and recognizes FCM with a 5α-3β,11β-diol structure (developed 
for laboratory mice52,53); sample supernatants were diluted 1:100 
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Interindividual differences in FCM of spiny mice were com-
parable to those of Meriones meridianus22 and M. unguiculatus56 
(for review, see references 51 and 58). In our study, interindi-
vidual differences explained most of the observed variance 
in FCM levels. This finding does not necessarily indicate that 
some experimental animals suffer from heavy social stress. 
The distribution of individual means was unimodal and likely 
encompasses the normal range of basal values. The mean FCM 
levels in the present study (nontransformed values: EIA1, 2988 
ng/g; EIA2, 473 ng/g) are one-third those obtained after admin-
istration of adrenocorticotropic hormone to simulate stressful 
conditions (EIA1, 7656 ng/g; EIA2, 1831 ng/g).34

Although the mean FCM levels obtained by using EIA1 were 
higher in the evening than in the morning, we interpret this 
finding with caution. EIA2, which assesses a different spectrum 
of glucocorticoid metabolites, revealed no such difference. The 
diurnal pattern of FCM in spiny mice therefore requires further 
research.

The assessment of glucocorticoid metabolites from fecal sam-
ples is an easy noninvasive method of evaluating adrenocortical 
activity and is widely used (for review, see references 32 and 51). 
The important advantage of this procedure is a relatively long 
lag time between a stressor and subsequent elevation of gluco-
corticoid metabolites in the feces. Assessment of FCM depends 
on gut transit time,37 which in small rodents has been described 
to take several h (laboratory rat, 10 to 12 h;24 Spermophilus 
beldingi, 18 h;28 Clethrionomys gapperi, 8 h; and Peromyscus man-
iculatus, 12 h).14 The shortest lag times are associated with small 
granivorous species, such as the laboratory mouse (4 to 10 h)53 
and Peromyscus polionotus (4 h).11 Our sampling period (4 h) was 
therefore short enough to ensure that the samples reflected the 
circulating plasma concentration of cortisol before the animal 
was confined in the compartment.

Increasing evidence suggests that wild rodents locked 
in live traps exhibit elevated levels of glucocorticoid (Ta-
mias amoenus,20,39 Spermophilus parryi,2 Peromyscus maniculatus, 
Clethrionomys gapperi,15 Microtus pennsylvanicus10). To avoid 
such a response, our samples were collected from animals that 
entered voluntarily a familiar compartment (perceived as a 
part of their home range). The locking procedure was gentle, 
and the experimental apparatus enabled uninterrupted olfac-
tory and visual communication between the sampled animal 
and the rest of the group, which was in the central part of the 
apparatus. These circumstances may explain the fact that the 
FCM levels remained about the same even when the confine-
ment period was substantially prolonged to 3 d. However, the 
sample size for this experiment was small, and the result should 
be interpreted with caution.

Several studies address glucocorticoid levels from indi-
vidually housed animals.60 In comparison, the collection of 
samples from group-housed animals is difficult. Facing this 
problem, most researchers adopted protocols including either 
isolation of experimental animals from their social group for 
at least a short time18,46,48,56 or artificially induced defecation 
by handling.28 Both these procedures require manipulations 
that potentially cause stress in the studied animal and remain-
ing group members. For example, isolation from the group in 
a new environment16,19,45 or even cage cleaning55 can change 
glucocorticoid levels. Although the time lag we described may 
reduce the impact on the actual measured values, an effect on 
subsequent sampling cannot be excluded.

Our approach allowed us to rule out several important 
confounding factors (manipulation, social isolation, new 
environment) that may affect the use of fecal samples for the 

sources, and vertical wire-mesh surfaces available for climbing 
can be viewed as a specific form of enrichment.

Moreover, repeated sampling of the same mice yielded con-
sistent results, which are a prerequisite for the applicability of 
the procedure. Because repeated sampling did not affect FCM 
values, we conclude that the sampling procedure itself had no 
effect on subsequent values. Of course, closing an experimental 
animal in the sample-collection compartment could itself po-
tentially affect glucocorticoid levels. Nevertheless, the length 
of our sampling bouts was designed to be shorter than the time 
lag between elevation of glucocorticoid in the blood and the 
appearance of the corresponding metabolites in feces. Accord-
ingly, the intervals between subsequent sampling bouts were 
much longer than the lag period.

Figure 3. Effect of transfer of spiny mice (n = 16) from the breeding 
cage to the experimental apparatus. Samples were collected between 
1000 and 1400 on various days after transfer (day 0, samples collected 
immediately after transfer; days 7 and 14, adaptation period; days 
23 through 25, putative baseline levels). Means (95% confidence in-
tervals) of FCM levels (ng/g) measured by enzyme immunoassays 1 
(open squares) and 2 (solid squares). Details of the immunoassays are 
given in the Material and Methods section. *, P < 0.05 compared with 
day 0 (control) value.

Figure 4. Effect of prolonged confinement of a spiny mouse (n = 8) 
from the rest of the family group by using a wire-mesh partition to 
allow olfactory, acoustic, and visual communication. Samples were 
collected between 1400 and 1800 on successive days after separation 
(day 0, samples collected immediately after confinement). Means (95% 
confidence intervals) of FCM levels (ng/g) measured by enzyme im-
munoassays EIA1 (open squares; left panel) and EIA2 (solid squares; 
right panel). Details of the enzyme immunoassays are given in the Ma-
terials and Methods section.
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rodents is exemplified by the molecular phylogeny of the LCAT 
nuclear gene. Mol Phylogenet Evol 17:280–293. 
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most speciose mammals: molecular phylogeny of muroid rodents. 
Mol Biol Evol 18:2017–2031.
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detection of stress in social rodents. However, our mice were 
maintained on wire-grid floors, which are reported to adversely 
affect laboratory rats.17,21,27 Animals kept in our experimental 
cages exhibited neither physical harm nor any behavioral signs 
of discomfort. We suggest that spiny mice as rock dwellers are 
much more adapted to live and climb on surfaces of this kind 
than are more common laboratory rodents. Nevertheless, this 
factor warrants consideration before the described apparatus is 
used for laboratory mice and rats without modification.

To our knowledge, our experimental apparatus is the first 
to accommodate collection of fecal samples from individual 
small rodents housed in a social group without any disturbance 
of studied animals. Such arrangement allows measuring not 
only isolation stress but also social stress, which is a complex 
phenomenon requiring sophisticated experimental designs. 
The results here support the use of the apparatus and sampling 
procedure for measuring FCM in group-housed spiny mice. Our 
apparatus might be adapted and applied to other model species 
of small mammals living in families or more complex groups.
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