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Extreme inbreeding will compromise an animal’s ability to discriminate between individuals and, thus,
assess familiarity and kinship with conspecifics. In rodents, a large component of individual recognition
is mediated through chemical communication. The counter-marking of competitor males’ scent marks
provides a measure of discrimination between their own scent and that from other individuals. We investi-
gated whether males in common outbred (ICR(CD-1) and TO) and inbred (BALB/c) strains of
laboratory mice could recognize the urinary scents of other individuals by measuring their investigation
and counter-marking responses. Dominant males of outbred strains investigated and counter-marked
scents from other males, whether of the same or another strain. Dominant inbred BALB/c males investi-
gated but did not counter-mark their own strain scents, counter-marking only those from another strain.
They did not use environmentally induced status differences in odours to recognize scents from other
males. The inability of the inbred mice to discriminate between their own scent marks and those of other
males is likely to alter their competitive behaviour, which could influence responses in experiments and

the welfare of caged laboratory mice.
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1. INTRODUCTION

The effects of inbreeding, particularly among rodents and
domestic animals, are of considerable relevance in scien-
tific research and in animal production. Animals are arti-
ficially selected and inbred to ensure consistency between
individuals, the outcome of which is that they are often
virtually genetically identical (Cohen 1999). Inbreeding
depression (Festing 1979; Charlesworth & Charlesworth
1987; Lacy 1997) and disease susceptibility (Festing 1980;
Kozak 1989; Apanius et al. 1997) are widely recognized
outcomes of such extreme inbreeding. Another consequence

which has received less attention is the influence of

inbreeding on recognition and interaction between
animals. Individual recognition, familiarity and kinship
play key roles in the modulation of social behaviour, parti-
cularly competition and mate choice (Barnard et al. 1991).
Inbreeding could reduce the ability to discriminate
between individuals and to assess familiarity and/or
kinship with other conspecifics (e.g. see Barnard & Aldhous
1991; Barnard ef al. 1991). Disturbances in such recognition
and interaction processes could affect the welfare of inbred
animals (e.g. in laboratory, agricultural and commercial
contexts) and should therefore inform approaches to
husbandry and management. Further, abnormal behaviour
or unstable social relationships could affect responses in
experiments and the success of animal production.

Rodents and probably most other mammals identify
each other through individually unique odour cues which
are determined in part by genetic differences between
individuals (reviewed by Boyse e/ al. 1991; Brown 1995).
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Many genes contribute to individual identity odours
(Brown 1995; Eggert et al. 1996), but genes of the major
histocompatibility complex may make a particular contri-
bution because of the very high polymorphism of these
genes (Yamazaki et al. 1992; Apanius et al. 1997). Indivi-
dual identity odours of mice and rats are carried pre-
dominantly in the high mass fraction of their urine in
which major urinary proteins may also play an important
role, either directly or through differential binding and
release of volatile odorant ligands (Singer et al. 1993;
Hurst et al. 1998; Humphries e/ al. 1999). Individuals of
highly inbred strains are unable to discriminate between
each others’ volatile urinary odours when kept under
identical conditions (Yamaguchi e/ al. 1981). Environ-
mental factors, such as food type, bacterial gut flora and
social pressure, also induce changes in the volatile odours
emitted by animals (Apps et al. 1988; Schellinck et al. 1991,
1992). Untrained changes in odour investigation or
trained responses to specific odours show that conspecifics
can readily discriminate such environmentally induced
odour differences. It is therefore possible that environ-
mentally induced odour differences might be exploited to
allow individual recognition when perceived against a
common genetic background. However, to assess how
animals use such perceived differences in conspecific
odours requires a specific test to show that they interpret
the source of the odours as a different individual. In this
study, we investigated how males in two common outbred
and one inbred strain of laboratory mice respond to the
urinary scent marks of potential competitors, in order to
assess whether they can recognize the scents of different
individuals and the likely consequences for competitive
behaviour between cage mates. Although the mouse is the
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most common laboratory animal, aggression between male
cage mates can cause welfare problems and uncontrolled
variation in behaviour and physiology between subjects
(Bishop & Chevins1987, Cane1988; Jenningset al. 1998).

Scent marking and the counter-marking of the scent
marks of other males are important components of domi-
nance advertisement among male house mice and have a
strong influence on their aggressive interactions (Mugford
& Nowell 1970; Hurst 1993). Males can prove their ability
to dominate an area by scent marking and ensuring that
their scent marks are the freshest in that area (Hurst &
Rich 1999). Males which fail to counter-mark any
competing scent marks can no longer ensure that their
own marks are the freshest and, thus, indicate their
inability to prevent or overcome challenges to their domi-
nance. In house mice, counter-marking is achieved by
increasing their rate of scent marking in the vicinity of a
competitor male’s marks (Desjardins ef al. 1973; Hurst
1990). Potential mates and other competitor males are
highly sensitive to such counter-marking, discriminating
in favour of males which counter-mark over those which
are themselves counter-marked by competitor males
(Hurst 1993; Rich & Hurst 1999). This is also exhibited in
voles and hamsters (Johnston et al. 1995, 1997). Thus, any
males attempting to advertise their dominant status
should thoroughly scent mark their area and counter-
mark scent marks from any male other than themselves,
regardless of the status or familiarity of the competitor.
Subordinate males, in contrast, suppress such competitive
signalling to avoid challenges (Desjardins ef al. 1973;
Bishop & Chevins 1987). Counter-marking of scent marks
from other males by dominant or isolated males thus
provides a specific test of individual recognition.

We can thus predict that dominant males from outbred
strains, in which individuals are genetically distinct,
should be able to detect scent marks from competitors as
different from their own and counter-mark them. In
contrast, if dominant males from inbred strains are
unable to discriminate between the odours of genetically
identical individuals, they should only be able to discrimi-
nate and counter-mark when males are from other,
genetically distinct strains. However, if animals of an
inbred strain use status-related odour differences to discri-
minate between each other, dominant males should detect
and counter-mark scents from subordinate males since
these are of different status to themselves.

2. METHODS

(a) Experimental subjects

Two outbred strains, ICR (CD-1) and TO and an inbred strain,
BALB/c (H-24 haplotype) were chosen based on their different
level of inbreeding, known aggressive behavioural characteristics
(Van Oortmerssen 1971; Nevison et al. 1999) and common use in
the laboratory (Festing 1979, 1980). Males of these strains show
intrastrain aggression and form dominance relationships reliably
when housed togetherin cages (Nevisonezal. 1999).

We established 16 males in pairs for each strain to give eight
dominant and eight subordinate subjects in each strain. The
mice were obtained from Harlan UK (Bicester, Oxon) aged
(12.5cm x 45cm
x 14cm) and maintained in the same room on a 12 L:12 D
schedule (white lights off at 09.00) with ad lbitum food

35+2 days. They were housed in cages
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(TRM 9607 rat and mouse diet, HarlanTeklad, Hull, UK) and
water throughout. Each male was marked for individual identifi-
cation using hair dye (Clairol Nice ‘n’ Easy Natural Black,
Bristol-Myers Co. Ltd, Uxbridge, UK). Stimulus urine came
from mice obtained from the same source and housed in pairs
under the same conditions.

Males were housed in pairs within strains on arrival, then
regrouped within strains into new experimental pairs after four
days. Social status was assessed over three separate 5 min periods
each day for three days. Observations were made within the first
half of the dark period with at least 120 min between successive
observations. Dominant status was assigned to the male within
each pair which directed the greatest number of aggressive acts
towards its cage mate (at least 60% of aggressive acts within the
pair) while its cage mate was classed as subordinate. The social

status of urine donors was assigned in the same way.

(b) Urine marking trials

All trials were carried out during the first 6h of the dark
period, under dim (40W) red lighting, starting the day after
dominance assessment was completed. Males were placed singly
into a clean varnished wood arena (29cm X 60cm X 28.5cm)
with absorbent paper on the floor (Benchkote, Whatman Inter-
national Litd, Maidstone, UK).

The urine marking behaviour of each male was first
measured in response to a clean arena with two 30ul water
marks placed on the Benchkote in diagonally opposite corners.
A response to urine from an unfamiliar male of their own strain
was tested by placing urine in a 30 pl streak in one corner of the
arena and an equivalent 30 pl streak of water in the corner diag-
onally opposite as a within-trial control. Each male was tested
with urine from a dominant and a subordinate conspecific in
two separate trials, with the test order randomized. In addition,
BALB/c and TO males were tested with urine from ICR domi-
nant males to compare their response to dominant male urine
from their own strain or from another strain. Trials using the
same subject were carried out at least 48 h apart.

The males were placed in the centre of the arena at the start
of each 10min trial. The latency to investigate each stimulus
mark was recorded, together with the time spent investigating
each stimulus (nose within 2cm and pointing towards or in

contact with the mark).

(c) Measurement of scent marks

Urine marks were viewed under ultraviolet light (Desjardins
et al. 1973). We counted the total number of separate urine marks
deposited in each trial. The area covered with urine was esti-
mated by placing a 1em? Perspex grid with a small dot at the
centre of each grid cell over the Benchkote and counting the
number of dots which covered urine marks. This was divided by
the total number of marks to estimate the mean mark size.
Urine marks were described as ‘pools’ (roughly circular,
> 2cm?), streaks’ (narrow lines) or ‘dotted’ (roughly circular,
< 2cm?). Dotted marks were often placed in linear series.

(d) Biochemical assays

At the end of the study, the males were weighed and huma-
nely killed. Serum testosterone concentration was measured by
radioimmunoassay using a Coat-a-Count solid phase T total
testosterone kit (Diagnostic Products Corporation, Los Angeles,
CA, USA)

postmortem blood sample. Protein concentration in urine

with 50 pl undiluted serum obtained from a

excreted post-mortem or obtained from the bladder was assayed
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using the Coomassie Plus Protein assay (Pierce Chemicals,
Chester, UK) following the procedure in Humpbhries et al.
(1999).

(e) Data analysis

We first checked for any strain and status differences in
aggression (non-parametric ANOVAs), plasma testosterone or
urinary protein output (ANOVA tests with body weight as a
covariate) which might be related to differences in competitive
signalling behaviour, though no strain differences were
predicted @ priori. The protein concentrations approximated
normality while the testosterone titres were log, transformed to
meet the assumptions of parametric analyses.

We then checked that the competitive aggression and scent
marking behaviour of the outbred strains followed the specific
predictions arising from the known behaviour of wild-type mice
and that there were no differences between the two strains in such

competitivebehaviour. The predictions tested were as follows.

(1)  Dominant males are significantly more aggressive than
subordinates.

(i1) Dominant males deposit more scent marks than subordi-
nates.

(111)) Dominant but not subordinate males counter-mark the
urine of other males of their own strain (dominant or
subordinate) more than a clean water control.

(iv) Dominant males counter-mark urine from another in-
dividual whether from their own strain or another strain.

We then tested whether inbred BALB/c males showed the
same difference in competitive scent marking between dominant
and subordinate males but, in this case, tested the prediction
that dominant males would only counter-mark the urine of
males that were genetically distinct from themselves or, possibly,
those of different social status to themselves. Counter-marking is
evident when males deposit a greater number of scent marks
than their response to a clean arena (Hurst 1990; Humphries et
al. 1999). Since data describing scent marking and aggression
showed considerable individual variation, we wused non-
parametric tests to assess the overall status differences predicted
in scent marking and aggression (Mann—Whitney test) and
differences in individual counter-marking responses to different
stimuli (Wilcoxon matched-pair or Wilcoxon matched-sets tests)
(Meddis 1984). Specific versions of these tests (Meddis 1984)
were used when the direction of the response was clearly
predicted (see above) and exact versions of the tests where the
sample sizes were less than 15.

Within the outbred and inbred strains, repeated measures
ANOVAs examined the effects of social status of the subject and
urine donor, stimulus type and strain (outbred only) on the
duration of stimulus investigation, which approximated a
normal distribution within strains (Kolmogorov—Smirnov tests,
n.s,). The latency to first investigation of different stimuli was
compared by non-parametric Wilcoxon matched-pair tests. The
data are expressed as means=s.e. throughout and n gives the

sample size.

3. RESULTS

(a) Aggression, testosterone and urinary protein

Each pair of males established clear aggressive domi-
nant or subordinate relationships across all three strains.
There were no significant strain differences in the levels
of aggression shown by dominant males (number of
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Figure 1. Protein concentrations of urine samples according
to mouse strain and status (mean=s.e.). D, dominant males;
S, subordinate males. The protein concentrations differed
significantly between the outbred and inbred strains.

aggressive acts by dominant ICR = 10.94 3.2, number of
aggressive acts by dominant TO = 7.3 1.3 and number
of aggressive acts by dominant BALB/c=16.014.6)
(x3=2.04 and n.s) or by subordinates (number of
aggressive acts by subordinate ICR = 0.88 & 0.61, number
of aggressive acts by subordinate TO=1.2540.62 and
number of aggressive acts by subordinate BALB/c
=0.25+£0.16) (33=177 and n.s), with all dominant
males exhibiting considerably more aggression than
subordinates (number of aggressive acts by dominants =

114420 and number of aggressive acts by subordi-
nates= 0.8+ 0.3) (= —5.75, nj=ny= 24 and p < 0.001).
The plasma testosterone concentrations did not differ
between strains (F, 4 = 0.27 and n.s.) or between dominant
and subordinate males (¥ 4 = 0.02 and n.s.).

Since individual identity odours appear to be contained
in the high mass fraction of urine (Singer e/ al. 1993) and
it is urinary proteins which stimulate counter-marking
(Humphries ef al. 1999), we measured the concentration
of protein in the urine samples collected at autopsy. Social
status had no effect on the urinary protein concentrations
(Fi39= 0.19 and n.s.) (figure 1) but there was a significant
difference between strains (Fyso= 4.80 and p < 0.025).
Planned contrasts showed that this was because the
inbred BALB/c males excreted a higher concentration of
urinary protein than the two outbred strains while there
was no significant difference between the two outbred
strains (figure 1).

(b) Response to own strain urine
(1) Outbred strains

Dominant males deposited more scent marks than
subordinates when placed in a clean area (7=95, n=15
and p < 0.01). Although this status difference in scent
marking was predicted to occur in both outbred strains
(similar to wild mice), it was only apparent in the ICR
strain. When placed in a clean arena, TO subordinates
deposited as many marks as dominant animals (figure 2).
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Figure 2. Number of marks deposited by mice in response to a
clean arena (mean=£s.e.). D, dominant males; S, subordinate
males.

The predicted status difference in counter-marking was
shown in both outbred strains (figure 34). Only dominant
males responded to a scent mark from an unfamiliar male
of their own strain by counter-marking strongly, depos-
iting more marks in response to their own strain urine
than in response to a clean arena ({=2.6, n=16 and
p < 0.025). Subordinate males did not increase their
marking ({=0.47, n=16 and n.s.) and tended to deposit
urine in larger spots than dominant males though the
difference was not significant (table 1). As expected, the
dominance status of the urine donor had no effect on
the counter-marking response of outbred dominant
males (= 0.66, n=16 and n.s)) (figure 3a).

Despite the difference in readiness to counter-mark an
unfamiliar competitor’s urine mark, both dominant and
subordinate males detected the presence of the stimulus
urine mark. All outbred males investigated an unfamiliar
own strain urine mark significantly more than the control
water mark presented simultancously (F)y;=39.2 and
p < 0.001), with no difference in the duration of investiga-
tion by the dominant or subordinate males (F),;= 0.01
and n.s) (figure 3b). The investigatory responses varied
according to the status of the urine donor even though
counter-marking did not. Males were quicker to investi-
gate urine from a dominant male first than from a sub-
ordinate (H= 7.88, n= 32 and p < 0.01). Interestingly, in
trials with dominant male urine, the latency to investigate
the water mark was also low (dominant male urine
157+2.0s and water 181=£37s) ({=—0.3 and n.s),
suggesting that the presence of dominant male urine
stimulated a general increase in investigation of the
arena. Although it took much longer to investigate sub-
ordinate urine, this was still significantly shorter than
their latency to investigate water (subordinate male urine
30.7+£10.6s and water 56.7+12.4s) (= —2.05 and
p < 0.05). After first contact, subordinate male urine
stimulated longer investigation than that from a domi-
nant male (F},,=5.9 and p < 0.025) (figure 36). ICR
males spent longer investigating stimulus urine than TO
males (F}4;,=15.73 and p < 0.025), but both strains showed
the same differences in response according to the domi-
nance status of the urine donor (figure 35).
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Figure 3. The response of outbred males to their own strain
urine (mean=s.e.). (¢) Number of urine marks deposited by
dominant and subordinate males in each trial. C, clean arena
trial; S, subordinate male urine trial; D, dominant male urine
trial. () Investigation when presented with a choice between
urine and water marks. The data are pooled for dominant
and subordinate males within each strain since there was no
difference according to status. W, water mark; S, subordinate
male urine mark; D, dominant male urine mark. See § 3 (b) (i)
for the statistical analysis.

(i1) Inbred males

The number of marks deposited by dominant and
subordinate BALB/c mice was similar to those of the ICR
outbred strain, subordinate males depositing many fewer
marks than dominant males (7= 32, n=8 and p < 0.025)
(figure 2). Subordinate BALB/c mice deposited larger
marks than dominant males in a few large pools (table 1).

When presented with urine marks from their own
strain (effectively genetically identical individuals), both
dominant and subordinate BALB/c males spent much
more time investigating the urine marks than the control
water marks (F;,= 33.5 and p < 0.001) (figure 4b). Their
investigation times were generally longer than those of
outbred males, both towards urine and water () ;3= 15.97
and p < 0.001). Like outbred males though, BALB/c
males spent longer investigating urine from a subordinate
male than urine from a dominant (F},,= 8.37 and
p < 0.025), suggesting that they detected a difference in
the donor’s dominance status, with no difference in
investigation by dominant and subordinate males
(f14=147 and n.s.). Dominant male urine was not inves-
tigated more quickly than the water control or subordi-
nate male urine, suggesting that BALB/c males may not
have recognized this as a novel stimulus from a distance
and, thus, were not attracted to investigate.
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Table 1. Mean size of marks deposited in response to own
strain urine (mean % s.e. in cm? per male)

status strain

ICR (CD-1) TO BALB/c
dominant 1.60+£0.62 1.26+0.29 1.57+0.71
subordinate 2.884+0.65 1.47+0.41 2.36£0.77

Despite investigating urine from an unfamiliar male of

their own strain, dominant BALB/c males did not
counter-mark urine from another male of their own
strain more than their response to a clean arena
(=108, n=8 and n.s), with no difference in their
marking response according to the social status of the
urine donor (7=24, n=8 and n.s.) (figure 4a). This
suggests that they failed to recognize that the mark came
from a competitor, even when the donor was of different
status to themselves. Subordinate males did not mark in
the presence of their own strain urine (figure 4a).

(c) Response to another strain urine

Outbred mice should be able to discriminate between
urine from different individuals, even those from their
own strain. As expected, TO dominant males deposited
the same number of marks in response to dominant male
urine, whether from their own or another strain
(Wilcoxon matched-pair test, 7=21.5, n=8 and n.s.)
(figure 5a). Both types of urine stimulated more marking
than a clean arena though the increase in marking in
response to urine from another strain was not quite signif-
icant (Wilcoxon specific matched-pair test, own strain
T=19, n= 6 excluding ties and p < 0.05 and other strain
T=29, n=8 and p=0.07). This was because three TO

males, all of which deposited only small numbers of

marks in each test despite their dominant status (one to

six marks), deposited even fewer marks in the presence of

urine from an ICR(CD-1) dominant male than in clean
arena trials. Those males that responded strongly to male
urine of their own strain (depositing 25-47 marks) all
responded strongly to ICR(CD-1) male urine (depositing
29-50 marks). As expected, TO subordinate males did
not counter-mark either urine (figure 5¢). TO males did
not differ in the time spent investigating marks from their
own or another strain (F ;= 1.97 and n.s.), with no differ-
ence in investigation by dominant or subordinate males
(Fi14= 043 and n.s) (figure 5b). Investigation of both
types of dominant male urine was very low and was not
significantly greater than that of the control water mark
(Fl14=2.43 and n.s,) (figure 5b).

In contrast, inbred dominant males were only expected
to be able to discriminate between urine from different
individuals which were of another strain and genetically
distinct from themselves. Accordingly, BALB/c dominant
males showed significant counter-marking when presented
with urine from an ICR (CD-1) dominant male (figure 5a),
depositing more marks than in a clean arena (7 =33, n= 8
and p < 0.025) and more marks than when presented with
urine from a dominant male of their own strain (7 = 25,
n=38 and p < 0.05). Again, as expected, BALB/c sub-

ordinate males showed no significant counter-marking,
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Figure 4. The response of inbred BALB/c males to their

own strain urine (mean=s.e.). (¢) Number of urine marks
deposited by dominant and subordinate males in each trial.

C, clean arena trial; S, subordinate male urine trial; D,
dominant male urine trial. () Investigation when presented
with a choice between urine and water marks. The data are
pooled for dominant and subordinate males within each strain
since there was no difference according to status. W, water
mark; S, subordinate male urine mark; D, dominant male
urine mark. See §3(b) (i) for the statistical analysis.

depositing no marks in response to urine from a dominant
male of their own or another strain (figure 5a). Both domi-
nant and subordinate BALB/c males spent much longer
investigating urine from a dominant male of another strain
than urine from a dominant male of their own strain
(F114=9.35and p < 0.01) (figure 55) with no difference in
investigation by dominant or subordinate males

(F114= 0.35 and n.s)).

4. DISCUSSION

Males of the two outbred laboratory strains, which have
been bred to maintain heterozygosity, clearly recognized
urine marks from other males, whether of the same or
another strain. Investigation of urine more than water
showed detection of an interesting odour. However, this
cannot be taken as proof that they recognized that the
stimulus mark came from another individual. Mice will
investigate social or non-social odours which contrast with
the general background environment even when that
odour is highly familiar or even if it is their own scent mark



692 C. M. Nevison and others

The consequences of inbreeding for recognizing competitors

(@)
50F
3
£ 0}
s
£
g 30 F
B
g 20
g
E
] ]
10 F
=
C TO ICR C TO ICR C B ICR C B ICR
dominant subordinate dominant subordinate
outbred TO males inbred BALB/c males
)
=
S 20}
S
)
Gy
- Z
£ 10} | / .
: % %
O Z
% %
TO W ICR W B W ICR W
outbred TO males inbred BALB/c males

Figure 5. The response of outbred TO and inbred BALB/c males to dominant male urine marks from their own or another
strain urine (mean=£s.e.). (¢) Number of urine marks deposited by dominant and subordinate males in each trial. C, clean
arena trial; TO, TO dominant male urine trial; ICR, ICR dominant male urine trial; B, BALB/c dominant male urine trial.
(b) Investigation when presented with a choice between urine and water marks. The data are pooled for dominant and
subordinate males within each strain since there was no difference according to status. W, water mark; TO, TO dominant
male urine mark; ICR, ICR dominant male urine mark; B, BALB/c dominant male urine mark.

(Hurst 1989). Thus, simple investigation is inadequate as
an index of individual recognition. Counter-marking, on
the other hand, is a much more specific response. Any
males advertising their dominant status should thoroughly

scent mark their area and counter-mark scent marks of

other males, regardless of the status or familiarity of the
competitor. In agreement with this, dominant males in the
two outbred strains scent marked at a high rate and
increased the number of marks deposited to counter-mark
stimulus urine, regardless of the status of the donor male or
whether this came from their own strain or another strain.
In contrast, inbred BALB/c dominant males did not
counter-mark urine from another male of their own strain
irrespective of status, despite extensive investigation. There
are three possible explanations for this result.

(1) BALB/c males do not show normal competitive scent
marking and counter-marking behaviour.

Proc. R. Soc. Lond. B (2000)

(i1) BALB/c male urine is qualitatively different from
that of other mice and does not stimulate counter-
marking.

(111) BALB/c males failed to recognize that the stimulus
mark came from another male.

The high rate of scent marking by dominant BALB/c
males and their clear counter-marking behaviour when
they encountered ICR male urine demonstrated normal
counter-marking behaviour in response to scent marks
from males which were genetically different from them-
selves, discounting the first explanation. The concentra-
tion of wurinary proteins, which stimulate male
competitive scent marking, was significantly greater in
BALB/c male urine than in the outbred strains. Further,
Humphries et al. (1999) showed that wild-caught house
mice readily counter-mark BALB/c male urine and, thus,
there appears to be nothing qualitatively different about
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BALB/c urine in this respect. Therefore, in agreement
with our predictions, the lack of counter-marking
signified that BALB/c males failed to discriminate
between their own marks or stimulus marks coming from
other males which, effectively, were genetically identical
to themselves.

The males were able to discriminate between urine
from dominant and subordinate males, regardless of the
genetic similarity of the donor to themselves. BALB/c
males, like males of both outbred strains, spent signifi-
cantly more time investigating subordinate than domi-
nant male urine. Despite this, when dominant BALB/c
males encountered urine from a subordinate BALB/c
male, they did not counter-mark. It thus appears that the
chemical information signalling individual status is addi-
tive to the information used to signal individual identity.
Males do not therefore appear to use environmentally
induced status differences in odours to discriminate
between individuals with a common genetic background.
The increased investigation of subordinate-quality urine
(by both dominant and subordinate males) may have
been stimulated by the novelty of encountering a large
subordinate-quality urine mark, since subordinate males
generally suppress their scent marking behaviour. In
support of this, only BALB/c and ICR males showed
prolonged investigation of subordinate male urine. In TO
males, where both dominant and subordinate males
showed similar basal levels of scent marking in a clean

arena, both urine types stimulated relatively low levels of

investigation.

The inability to recognize urinary odours from
different individuals and, thus, distinguish these from
their own has a number of implications for the mainte-
nance of social relationships within aggressive inbred
strains such as BALB/c. First, dominant males will not
detect any competitive signals on the substrate from other
genetically identical males, including those from cage
mates. Normally, subordinate male mice mark the
substrate, but much less than a dominant, to advertise
their presence and maintain tolerance from other group
members (Hurst et al. 1993). They avoid depositing marks
which will compete with those of the dominant male by
pooling the remainder of their urine in corners away
from areas marked by the dominant (Desjardins ef al.
1973; Bishop & Chevins 1987). The dominant male’s
marks thus remain predominant throughout and, in wild
any subordinates which attempt to deposit
competing marks are fiercely attacked (Hurst 1993).
When males are housed together in laboratory cages,
changes in this distribution of urinary scent due to mixing
of the soiled cage bedding may thus create problems.

mice,

However, this is unlikely to be a problem in groups of

inbred males since the dominant male will not recognize
that the subordinate’s scent is not their own and potential
aggression will be reduced.

Since subordinate males normally avoid depositing
competing scent marks in an area scent marked by a
dominant male, inbred subordinates may experience a
problem in urinating at all within laboratory cages. The
high concentration of scent corresponding to the domi-
nant male, which is indistinguishable from their own,
may lead to an inability to deposit their urine anywhere
in the cage, the consequence being extreme urine reten-
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tion among subordinate males. Urine retention is a well-
recognized problem among subordinate male laboratory
mice and Taylor (1985) reported a particularly acute
problem in the inbred MM strain causing nephritis in
49% of the males in their colony. Scent marking was very
strongly suppressed among subordinate BALB/c males,
despite the fact that their urine marks were unlikely to
compete with the dominant male’s and were unlikely to
induce aggression (see above). Subordinate BALB/c males
also seemed to have particularly distended bladders at
autopsy (C. M. Nevison, personal observation).

Finally, the results of this study highlight the potential
dangers of interpreting responses to volatile scents in
terms of individual recognition. Tests of individuality
odours have largely used habituation—dishabituation tests
or an olfactory discrimination learning paradigm to test
for discrimination between different volatile scents. Such
tests have suggested that individual identity odours are
highly susceptible to disruption by environmental influ-
ences (e.g. Schellinck e/ al. 1992). However, as shown here,
animals may detect differences in scents which stimulate
different investigation, such as status-related odours, but
do not necessarily interpret such differences as coming
from different individuals. Humphries ef al. (1999)
suggested that volatiles emanating from scent marks may
alert animals to the presence of interesting odours in their
local environment, stimulating close investigation of the
scent source where non-volatile peptides and proteins or
protein—ligand complexes provide more reliable informa-
tion on the species and individual identity of the
depositor. As they pointed out, the response when
animals encounter volatiles is usually to approach the
odour source to investigate more closely and they will
usually contact the odour unless prevented from doing so
(e.g. see Brown ef al. 1987, Hurst 1990, 1993; Ninomiya &
Brown 1995; this study). One might expect animals to use
genetically determined cues as reliable and unchanging
indicators of an individual’s identity rather than cues
which are strongly influenced by the environment.
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Sciences Research Council (BBSRC) studentship and J.L.H. by
a BBSRC advanced fellowship.

REFERENCES

Apanius, V., Penn, D, Slev, P. R., Ruft, L. R. & Potts, W. K.
1997 The nature of selection on the major histocompatibility
complex. Crit. Rev. Immunol. 17, 179-224.

Apps, P. J., Rasa, A. & Viljoen, H. W. 1988 Quantitative
chromatographic profiling of odours associated with domi-
nance in male laboratory mice. Aggress. Behav. 4, 451—461.

Barnard, C. J. & Aldhous, P. 1991 Kinship, kin discrimination
and mate choice. In Kin recognition (ed. P. G. Hepper), pp. 125—
147. Cambridge: Cambridge University Press.

Barnard, C. J., Hurst, J. L. & Aldhous, P. 1991 Of mice and kin:
the functional significance of kin bias in social behaviour.
Biol. Rev. 66, 379—430.

Bishop, M. J. & Chevins, P. F. D. 1987 Urine odours and
marking patterns in territorial laboratory mice (Mus musculus).
Behav. Process. 15, 233—248.

Boyse, E. A., Beauchamp, G. K., Yamazaki, K. & Bard, J. 1991
Genetic components of kin recognition in mammals. In K
recognition (ed. P. G. Hepper), pp. 148-161. Cambridge:
Cambridge University Press.


http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/1040-8401^28^2917L.179[aid=526185,nlm=9094452]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0376-6357^28^2915L.233[aid=526188]

694 C. M. Nevison and others

The consequences of inbreeding for recognizing competitors

Brown, R. E. 1995 What is the role of the immune-system in
determining individually distinct body odors. Int. J.
Immunopharmacol. 17, 655—661.

Brown, R. E., Singh, P. B. & Roser, B. 1987 The major histo-
compatibility complex and the chemosensory recognition of
individuality in rats. Physiol. Behav. 40, 65—73.

Cane, L. S. 1988 Biochemical correlates of domination and
subordination in mice. In The biology of aggression (ed. P. F.
Brain & D. Denton), pp. 161-167. Alphen aan den Rijn, The
Netherlands: Sijthoft & Noordhoof International Publishers
BV.

Charlesworth, D. & Charlesworth, B. 1987 Inbreeding depres-
sion and its evolutionary consequences. A. Rev. Ecol. Syst. 18,
237-268.

Cohen, J. J. 1999 Individual variability and immunity. Brain
Behav. Immun. 13, 76-79.

Desjardins, C., Maruniak, J. A. & Bronson, F. H. 1973 Social
rank in the house mouse: differentiation revealed by ultra-
violet visualisation of urinary marking patterns. Science 182,
939-941.

Eggert, F., Holler, C., Luszyk, D., Muller-Ruchholtz, W. &
Ferstl, R. 1996 MHC-associated and MHC-independent
urinary chemosignals in mice. Physiol. Behav. 59, 57—62.

Festing, M. . W. 1979 Inbred strains in biomedical research. London:
Macmillan.

Festing, M. F. W. 1980 Inherited immunological defects in
laboratory animals. In Immunodeficient animals for cancer research
(ed. S. Sparrow), pp. 5-15. London: Macmillan.

Humphries, R. E., Robertson, D. H. L., Beynon, R. J. & Hurst,
J- L. 1999 Unravelling the chemical basis of competitive scent
marking in house mice. Anim. Behav. 58, 1177—1190.

Hurst, J. L. 1989 The complex network of olfactory communica-
tion in populations of wild house mice Mus domesticus Rutty:
urine marking and investigation within family groups. Anim.
Behav. 37, 705-725.

Hurst, J. L. 1990 Urine marking in populations of wild house
mice Mus domesticus Rutty. I. Communication between males.
Anim. Behav 40, 209-222.

Hurst, J. L. 1993 The priming effects of urine substrate marks
on interactions between male house mice, Mus musculus domes-
ticus Schwarz & Schwarz. Anim. Behav. 45, 55—81.

Hurst, J. & Rich, T. J. 1999 Scent marks as competitive signals
of mate quality. In Advances in chemical communication in verte-
brates (ed. R. E. Johnson, D. Muller-Schwarze & P. Sorensen),
pp- 209—-226. New York: Plenum.

Hurst, J. L., Fang, J. & Barnard, C. J. 1993 The role of
substrate odours in maintaining social tolerance between
male house mice (Mus musculus domesticus). Anim. Behav. 45,
997-1006.

Hurst, J. L., Robertson, D. H. L., Tolladay, U. & Beynon, R. J.
1998 Proteins in urine scent marks of male house mice
extend the longevity of olfactory signals. Anim. Behav. 55,
1289-1297.

Proc. R. Soc. Lond. B (2000)

Jennings, M. (and 12 others) 1998 Refining rodent husbandry:
the mouse. Lab. Anim. 32, 233-259.

Johnston, R. E., Munver, R. & Tung, C. 1995 Scent counter
marks—selective memory for the top scent by golden-
hamsters. Anim. Behav. 49, 1435—1442.

Johnston, R. E., Sorokin, E. S. & Ferkin, M. H. 1997 Female
voles discriminate males’ over-marks and prefer top-scent
males. Anim. Behav. 54, 679-690.

Kozak, C. A. 1989 Retroviral and cancer-related genes. In
Genetic strains and variants of the laboratory mouse (ed. M. F. Lyon
& A. G. Searle), pp. 404—415. Oxford University Press.

Lacy, R. C. 1997 Importance of genetic variation to the viability
of mammalian populations. 7. Mammol. 78, 320—335.

Meddis, R. 1984 Statistics using ranks. Oxford, UK: Blackwell.

Mugford, R. A. & Nowell, N. W. 1970 Pheremones and their
effect on aggression in mice. Nature 226, 967-968.

Nevison, C. M., Hurst, J. L. & Barnard, C. J. 1999 Strain
specific effects of cage enrichment in laboratory mice (Mus
musculus). Anim. Welfare 8, 361-379.

Ninomiya, K. & Brown, R. E. 1995 Removal of the preputial
glands alters the individual odors of male MHC-congenic
mice and the preferences of females for these odors. Physiol.
Behav. 58, 191-194.

Rich, T. J. & Hurst, J. L. 1999 The competing countermarks
hypothesis: reliable assessment of competitive ability by
potential mates. Anim. Behav. 58, 1027-1037

Schellinck, H. M., Brown, R. E. & Slotnik, B. M. 1991 Training
rats to discriminate between the odors of individual conspeci-
fics. Amim. Learn. Behav. 19, 225—233.

Schellinck, H. M., West, A. M. & Brown, R. E. 1992 Rats
can discriminate between the urine odors of genetically
identical mice maintained on different diets. Physiol. Behav.
51, 1079-1082.

Singer, A. G., Tiuchiya, H., Wellington, J. L., Beauchamp, G. K.
& Yamazaki, K. 1993 Chemistry of odortypes in mice—
fractionation and bioassay. J. Chem. FEcol. 19, 569-579.

Taylor, D. M. 1985 Urethral plugs and urine retention in male
mice. Lab. Anim. 19, 189—191.

Van Oortmerssen, G. A. 1971 Biological significance, genetics
and evolutionary origin of variability in behaviour within and
between inbred strains of mice (Mus musculus). Behaviour 36,
1-92.

Yamaguchi, M., Yamazaki, K., Beauchamp, G. K., Bard, ],
Thomas, L. & Boyse, E. A. 1981 Distinctive urinary odours
governed by the major histocompatibility locus of the mouse.
Proc. Natl Acad. Sci. USA 78, 5817-5820.

Yamazaki, K., Beauchamp, G. K., Imai, Y., Bard, J., Thomas,
L. & Boyse, E. A. 1992 MHC control of odortypes in the
mouse In Chemical signals in vertebrates, vol. 6 (ed. R. L. Doty
& D. Muller-Schwarze), pp. 189-196. New York: Plenum.

As this paper exceeds the maximum length normally permitted,
the authors have agreed to contribute to production costs.


http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0192-0561^28^2917L.655[aid=526189,doi=10.1016/0192-0561^2895^2900052-4,nlm=8847160]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0031-9384^28^2940L.65[aid=29100,csa=0031-9384^26vol=40^26iss=1^26firstpage=65,nlm=3615656]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0066-4162^28^2918L.237[aid=524919]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0889-1591^28^2913L.76[aid=526190,csa=0889-1591^26vol=13^26iss=2^26firstpage=76,doi=10.1006/anbe.1997.0471,nlm=10373273]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0036-8075^28^29182L.939[aid=526191,nlm=4745598]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0031-9384^28^2959L.57[aid=526192,doi=10.1016/0031-9384^2894^2900374-E,nlm=8848491]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0003-3472^28^2958L.1177[aid=526193,csa=0003-3472^26vol=58^26iss=6^26firstpage=1177,doi=10.1006/anbe.1999.1217,nlm=10600138]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0003-3472^28^2937L.705[aid=526194,csa=0003-3472^26vol=37^26iss=5^26firstpage=705]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0003-3472^28^2940L.209[aid=29154,csa=0003-3472^26vol=40^26iss=2^26firstpage=209]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0003-3472^28^2945L.55[aid=526195,csa=0003-3472^26vol=45^26iss=1^26firstpage=55,doi=10.1046/j.1365-2435.1999.00373.x]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0003-3472^28^2945L.997[aid=526196,csa=0003-3472^26vol=45^26iss=4^26firstpage=997,doi=10.1016/S0169-5347^2897^2901236-6]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0003-3472^28^2955L.1289[aid=526197,csa=0003-3472^26vol=55^26iss=5^26firstpage=1289,doi=10.1046/j.1365-2656.1998.00232.x,nlm=9632512]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0003-3472^28^2949L.1435[aid=526199,csa=0003-3472^26vol=49^26iss=6^26firstpage=1435,doi=10.1016/S0022-1910^2899^2900040-2]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0003-3472^28^2954L.679[aid=526200,csa=0003-3472^26vol=54^26iss=3^26firstpage=679,doi=10.1016/S0022-1910^2897^2900001-2,nlm=9299051]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0028-0836^28^29226L.967[aid=29159,nlm=5463060]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0031-9384^28^2958L.191[aid=526202,csa=0031-9384^26vol=58^26iss=1^26firstpage=191,doi=10.1016/S0022-1910^2898^2900052-3,nlm=7667420]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0003-3472^28^2958L.1027[aid=526203,csa=0003-3472^26vol=58^26iss=5^26firstpage=1027,doi=10.1073/pnas.95.7.3699,nlm=10564605]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0031-9384^28^2951L.1079[aid=526205,csa=0031-9384^26vol=51^26iss=5^26firstpage=1079,nlm=1615047]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0098-0331^28^2919L.569[aid=526206,csa=0098-0331^26vol=19^26iss=3^26firstpage=569]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0027-8424^28^2978L.5817[aid=526209,nlm=6946517]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0192-0561^28^2917L.655[aid=526189,doi=10.1016/0192-0561^2895^2900052-4,nlm=8847160]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0066-4162^28^2918L.237[aid=524919]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0889-1591^28^2913L.76[aid=526190,csa=0889-1591^26vol=13^26iss=2^26firstpage=76,doi=10.1006/anbe.1997.0471,nlm=10373273]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0036-8075^28^29182L.939[aid=526191,nlm=4745598]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0003-3472^28^2937L.705[aid=526194,csa=0003-3472^26vol=37^26iss=5^26firstpage=705]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0003-3472^28^2945L.997[aid=526196,csa=0003-3472^26vol=45^26iss=4^26firstpage=997,doi=10.1016/S0169-5347^2897^2901236-6]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0003-3472^28^2955L.1289[aid=526197,csa=0003-3472^26vol=55^26iss=5^26firstpage=1289,doi=10.1046/j.1365-2656.1998.00232.x,nlm=9632512]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0031-9384^28^2958L.191[aid=526202,csa=0031-9384^26vol=58^26iss=1^26firstpage=191,doi=10.1016/S0022-1910^2898^2900052-3,nlm=7667420]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0031-9384^28^2951L.1079[aid=526205,csa=0031-9384^26vol=51^26iss=5^26firstpage=1079,nlm=1615047]

