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Social behaviour, stress and susceptibility to infection in
house mice (Mus musculus): effects of duration of grouping
and aggressive behaviour prior to infection on
susceptibility to Babesia microti
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SUMMARY

Unrelated and initially unfamiliar male CFLP mice, maintained for different periods in groups of 6, differed in both their
rate of clearance of Babesia microti and the time taken to reach peak parasitaemia in relation to their aggressive behaviour
within groups prior to infection. Males maintained in groups for shorter periods and showing more aggression within their
group were slower to clear infection and males showing more marked external evidence of aggressive interaction reached
a peak of parasitaemia sooner. Serum IgG and corticosterone analyses were consistent with increased aggression causing
stress-induced immunodepression but relationships with aggression and social status were not simple. Males showing
more aggression tended to enter their groups with higher levels of corticosterone and, to a lesser extent, reduced levels
of IgG compared with other mice. The results thus suggest that increased susceptibility to disease may be a cost to males

aggressively maintaining high social status.
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INTRODUCTION

The relationship between social and sexual be-
haviour, susceptibility to disease and parasite bur-
dens in host organisms is currently of considerable
interest among evolutionary biologists (see Edwards,
1988; Read, 1980; Moore & Gotelli, 1990). Parasite
burdens may have complex effects on several aspects
of social and sexual behaviour including social
tolerance (e.g. Edwards, 1988), maintenance of social
status (Rau, 1983), acquisition of breeding sites
(Borgia, 1986) and mating preferences (Hamilton &
Zuk, 1981; Edwards & Barnard, 1987; Milinski &
Bakker, 1990). While such effects can be observed,
establishing the cause-and-effect relationship be-
tween parasite burden, pathological consequences to
the host and host behaviour is often impeded by
confounding factors that are difficult to overcome
(see Edwards & Barnard, 1987; Read, 1990).

One widely recognized possibility among social
species is that the social environment itself may
affect susceptibility to infection as a result of stress or
sex-hormone mediated immunodepression (Davis &
Read, 1958; Christian, 1961 ; Vessey, 1964; Bronson
& Eleftheriou, 1965; Edwards et al. 1980; Rabin et
al. 1987). Several studies have suggested that the
stressful and potentially immunodepressive effects
of the social environment correlate with the social
rank or experience of the individuals concerned
(Vessey, 1964; Henry & Stephens, 1977; von Holst

et al. 1983 ; Sapolsky, 1983; Schur, 1987; Peng et al.
1989, Mormede et al. 1990). However, it is difficult
to draw clear conclusions about the relationship with
social rank from existing studies for a number of
reasons. First, stress responses, immunodepression
and/or parasite burdens are greatest among sub-
ordinate individuals in some studies (Vessey, 1964;
Sassenrath, 1970; Henry, Stephens & Ely, 1986;
Peng et al. 1989) but greatest among dominants in
others (Hausfater & Watson; 1976, Halvorsen, 1986).
Second, increased levels of social interaction may
lead to increased rather than decreased resistance to
infection (Hall, Gross & Turner, 1979). Third,
infection itself may result in immunodepression
(Behnke, 1987) thus obscuring the effects of pre-
existing stress. Fourth, where the relationship be-
tween social status and susceptibility to infection has
been investigated directly in the laboratory, animals
have been infected experimentally prior to interact-
ing (Davis & Read, 1958; Jackson & Farmer, 1970)
leading to potentially confounding effects of
infection-induced behavioural modification (Rau,
1983; Edwards, 1988). Fifth, several studies in-
ferring a relationship between social status and stress
(Christian, 1961; Adams & Finn, 1972) used wild or
wild-derived animals in which individual parasite
burdens were initially unknown. 4 priori predictions
about relationships with social status are also not
easy to make. Dominance relationships are often
dynamic and can change rapidly (Southwick, 1955;
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Poole & Morgan, 1973; Berry & Jakobson, 1974) so
that status-related stress is likely to vary with the
social and physical environment and temporally
(Gaudernack et al. 1984 ; Hurst, 1987), Furthermore,
while subordinates within social systems are gen-
erally expected to experience the greatest stress, it is
often dominant individuals that experience most
aggression and the greatest risk of injury (Christian,
1961; Leuthold, 1966; Rohwer & Ewald, 1981).

Establishing the cause-and-effect relationship be-
tween social behaviour, stress and pathogen burden
has important implications for both the dynamics of
parasite communities within host populations and
the evolution of social and sexual behaviour among
host organisms. In this paper, we report an ex-
periment with laboratory mice in which we investi-
gated the consequences of aggressive social ex-
perience for measures of stress, immunocompetence
and susceptibility to a subsequent infection. The
experiment tested the idea that an individual’s social
experience influenced its susceptibility to later
infection and took into account both pre-existing
individual variation in measures of stress and
immunocompetence and the effects of differences in
social experience with time. The effects of social
experience were tested by allowing groups of mice to
remain established for different periods of time and
thus experience different degrees of social stability
and levels of aggression (Poole & Morgan, 1973,
1975) and by examining the differential physiological
responses of dominant and subordinate individuals
as reflected in circulating levels of corticosterone and
IgG. The primary adrenal corticosteroid response of
mice to stress and other challenges (e.g. ACTH) is
enhanced serum corticosterone levels (Brain &
Nowell, 1970). While this contrasts with the response
of some other mammals, e.g. primates, in which it is
levels of cortisol that are enhanced, there is evidence
that elevated corticosterone levels have a broad range
of effects on cellular and inflammatory responses
during infection similar to that associated with
cortisol (Riley, 1981 ; Landi et al. 1982 ; Stewart et al.
1988). It is also well-established that corticosterone
levels correlate with measures of aggressive be-
haviour in both cause and effect relationships (Henry
& Stephens, 1977; Leshner & Politch, 1979; Kool-
haas, Schuurmann & Fokkema, 1983; Sachser,
1989). Total serum IgG levels were chosen as a
convenient by-stander measure of immunocompet-
ence reflecting overall immune potential rather than
a specific indication of protection against the in-
fection used in the experiment (but see Materials and
Methods section).

MATERIALS AND METHODS
Mice and husbandry

The mice used in the experiment were males of the
randomly-bred CFLP strain which has been used
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extensively in immunological and behavioural studies
(Behnke, Wakelin & Wilson, 1978; Williams &
Behnke, 1983 ; Barnard, Hurst & Aldhous, 1991). All
experimental animals were maintainedonal2 h:12 h
reversed light:dark cycle (lights on at 20.00 h, lights
off at 08.00 h from conception to the end of the
experimental period). Mice were weaned at 21 days
post-partum, separated at 27 days into single-sex
natal litters and maintained in their natal litters in
polypropylene cages (45 x 28 x 13 ¢m, 8 mice maxi-
mum) until 24 h before being assigned to exper-
imental groups as adults at 90 days. Twenty-four
hours before grouping, males were separated and
housed individually in smaller polypropylene cages
(48x15x 13 cm) to standardize their social experi-
ence immediately prior to group establishment. A
separation period of 24 h was chosen because pilot
observations showed that it was short enough to
avoid the escalated and frequently injurious aggres-
sion commonly reported among unfamiliar adult
male mice grouped after isolation (Cairns, Hood &
Midlairn, 1985).

The parasite

The parasite selected for this study was Babesia
microti because infections with this species are
relatively mild (Cox & Young, 1969), thereby
reducing the potential for confounding pathological
complications. Furthermore, peak parasitaemia can
be expected within 1-2 weeks of inoculation and is
known to be controlled by an immune response
which is well documented (Clark & Howell, 1978).
The rapid development of an immune crisis was
considered desirable for this experiment since the
objective was to assess susceptibility and resistance
as near to the point at which animals were removed
from their experimental social environment as
possible. The King’s 67 strain of B. micrott was used
throughout. The parasite was obtained originally in
1991 from Dr S.Randolph (Oxford University) and
passaged 20 times through CFLP mice (both sexes)
until parasitaemia was peaking consistently in excess
of 609%. Several mice were then infected to provide
a larger uniform stock of infectious material. Mice
were bled on day 6 of infection, during rising
parasitaemia (> 609%,) and heparinized pooled
blood, diluted 50-50 in glycerol/sorbitol/saline
(38/2:9/0:63 g %) solution was aliquoted in 10 ml
quantities and frozen in liquid nitrogen. Prior to the
infection of each experimental group of mice, an
aliquot was rapidly thawed in warm water, diluted
50-50 with 17'5 %, sorbitol solution and injected i.p.
into 610 mice which were monitored regularly until
a rising parasitaemia was evident. The mice were
then killed and exsanguinated. The number of
parasitized erythrocytes was calculated from total
erythrocyte count/ml blood and percentage parasit-
aemia. Experimental mice were injected i.p. with a
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volume (0:1-0-25 ml) corresponding to 4 x 10® para-
sitized erythrocytes. Parasitaemia was determined
from smears of tail blood, fixed in methanol and
stained with Wright’s stain using standard haemato-
logical techniques.

Collection of serum samples

Two blood samples were taken from each mouse in
the study, one 2 weeks before the establishment of
experimental groups and the second immediately
after the period of grouping and prior to infection
with B. microti. To minimize disturbance, mice were
anaesthetized in Trilene (BDH) in which they lost
consciousness rapidly but without the panic charac-
teristic of other inhaled anaesthetics. T'o minimize
disturbance to mice during the procedure, cages
were covered with black polythene when moved to
the sampling bench and sampling was carried out in
the dark phase under dim red light. Heparinized
capillary tubes of 50 ul vol. were used to take a
sample of retro-orbital blood, in almost all cases
within 1 min of removal of the mouse from its home
or experimental group cage. Blood samples were
centrifuged for 5 min in a haemacrit centrifuge and
the serum was stored at —20 °C prior to analysis.
Approximately 20 gl of serum were available for
analysis which was sufficient to allow the estimation
of serum corticosterone levels and a measure of
immune capacity.

Measurement of the concentration of serum
corticosterone

Corticosterone levels were measured using a kit
(Gamma-B '**I-corticosterone-Immunodiagnostic
Systems Ltd) based' on double antibody radi-
immunoassay (RIA), as advised by the manu-
facturers, using 6 xl samples of undiluted serum.
Serum corticosterone levels were calculated by
reference to standards provided with the kit.

Measurement of total serum IgG

Total serum IgG was measured because a strong
parasite-specific IgG response is elicited by
B. microti in mice (Purvis, 1977) and IgG is involved
in acquired resistance to various other infections
including resistance to helminth infections (Wahid &
Behnke, manuscript submitted). Total serum IgG
(mg/1) was determined by the method of Mancini,
Carbonara & Heremans (1965) using radial im-
munodiffusion (RID) kits (The Binding Site,
Birmingham). Ring diameters were measured in two
directions at 90° and the mean was used to calculate
the concentration of immunoglobulins from a cali-
bration curve obtained using appropriate standards.

In a small number of cases, limited serum volumes
meant it was not possible to obtain a reliable estimate
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of corticosterone and/or IgG from a particular
sample. As a result, sample sizes in some subsequent
analyses vary (see below).

Concurrent pinworm infections

All mice used in the experiment were autopsied for
pinworm (Syphacia obvelata and Aspiculuris tetra-
ptera) infections after the B. microti: infection had
run its course (day 27 post-infection). Pinworms are
generally regarded as innocuous in mice, individuals
appearing to tolerate worm burdens of several
hundred without showing clinical distress. However,
there is some evidence that the rat pinworm S. muris
causes mild immunodepression in its host (Pearson
& Taylor, 1975), though none that the murine
species do. Antagonistic interactions have been
recorded between the two murine species and
between mouse pinworms and other nematodes
(Keeling, 1961) but there is no evidence that
pinworm burdens affect the course of Babesia
infection (Christensen et al. 1987). Nevertheless, it
was considered prudent to assay worm burdens in
this study (a) to control for potential effects of any
pinworm infection on experimental measures and (b)
to provide another measure of susceptibility to
parasitic infection. The entire caecum and colon of
each mouse were thus removed, opened and incu-
bated for 4 h at 37 °C in a gauze suspended in a
50 ml beaker containing Hanks’s saline. The con-
tents of each beaker were emptied into a Petri dish
and, with the aid of a binocular dissecting micro-
scope, the worms were identified and counted as
they were removed with a Pasteur pipette.

Experimental procedure

Males were arbitrarily assigned to one of 16
experimental groups of 6 unrelated individuals {each
group contained a maximum of 1 male from any
given natal litter) housed in a plywood and glass
observation cage (30 x 60 x 30 cm) fitted with a 60 W
red light bulb and 2 food and water dispensers that
were replenished ad [ibitum. All mice had previously
(3 weeks) been individually marked with black hair
dye to allow identification during behavioural
observations. At the time of group establishment
mice were weighed and an arbitrary index of fur
condition (fur score), ranging from 1 (no bald,
damaged or dishevelled patches, fur well-groomed)
to 5 reflecting increasing incidence of damage to, or
deterioration in the apparent condition of, the fur
was recorded. The fur score for all mice at group
establishment was 1.

The groups of 6 mice were allocated arbitrarily to
one of four categories of 4 groups each based on the
length of time groups were to remain established.
Four groups remained established for 3 h, four for 3
days, four for 8 days and four for 14 days. All groups
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Fig. 1. The relationship between the number of days
groups were maintained and the number of attacks
initiated per observation period. t = —519; p.F. = 95;
P < 0-00001.

were established between 09.00 and 10.00h to
control for circadian variation in hormone secretion
at the time of establishment. All behavioural ob-
servation were made during 15 min periods under
dim red light in the dark phase. Each 3 h group was
observed for 3 x 15 min periods at arbitrary intervals
through the 3 h period of grouping before each
mouse was blood-sampled, infected and rehoused
(see below) at the end of the period of grouping.
Each group in the other three time categories was
observed for 2 x 15 min periods on each day of group
establishment with all periods except the first (taking
place within the first 3 h of grouping) being allocated
at arbitrary times through the dark phase to control
for any time effects. During observation, the number
of social investigatory (sniffing the face, anogenital
and other body areas of another individual), ag-
gressive (chase, bite, tail-rattle, allogroom, aggress-
ive upright and aggressive sideways postures) and
defensive (flee, defensive upright and defensive
sideways postures) behaviours initiated and received
by each individual was recorded on audio tape for
later analysis (behaviour categories following those
of Mackintosh (1981) see for example Kareem &
Barnard (1982) and Edwards (1988)). In addition, the
individuals in the vicinity (within 5 cm) of the food
and water dispensers were noted on an opportunistic
spot-check basis during the observation periods at
each cage. All behavioural observations were made
by the same observer.

After the designated duration of grouping, each
mouse was weighed and its fur score recorded. The
second sample of blood was taken and mice were
infected with B. microti as described above. Fol-
lowing infection, mice were separated and housed in
individual polypropylene cages while the devel-
opment of the infection was assessed. At the same
time, 28 tracer mice were also infected with the same
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dose of B. microti. To minimize disturbance to
experimental animals, a blood smear was taken
regularly (first on day 2 post-infection then daily
until the parasite had apparently cleared from the
fastest responders) from a superficial tail vein of each
tracer animal to assess the percentage cells infected
and provide a guide to the timing of blood samples
from experimental mice. On this basis, a blood
smear was taken from experimental mice when (a)
the percentage parasitaemia in tracer animals was
beginning to rise, () when the fastest responding
tracer mice reached their peak parasitaemia, (¢) 2
days later, (d) when the parasitaemia in the fastest
responders had reached a plateau and (e) when the
fastest responders had apparently cleared the para-
site. T'racer mice were sampled between 08.00 and
10.00 h; smears were then stained and the stage of
infection assessed so that there was a 1-2 h interval
between samples from tracer and experimental mice.

Statistical analyses

Wherever there were a priori reasons for expecting
trends or differences in a particular direction,
probabilities associated with significance tests are
indicated as one-tailed; in other cases probabilities
are two-tailed. Where necessary, data were log-
arithmically transformed to normalize distributions
for regression analyses.

RESULTS
Aggressive behaviour and susceptibility to B. microti

As expected from previous work (Poole & Morgan
1973, 1975), the overall frequency of aggressive
interaction per observation period over the period of
grouping (thus taking all observation periods into
account) decreased significantly the longer groups
remained established (Fig. 1). Individuals within
groups were ranked according to the ratio of the
number of aggressive interactions initiated and the
number received (attack ratio) over the period for
which they remained in groups. Top-ranking males
(rank = 1) thus had the highest attack ratio and the
most subordinate males (rank = 6) the lowest. In the
few cases where mice had equal attack ratios,
individuals were allocated the mean values of the
ranks they would otherwise have occupied. Although
there was no significant tendency for high-rankers to
spend more time near food and water dispensers
during observation periods, the use of attack ratio as
a measure of dominance was supported by the fact
that the high-rankers showed a significantly greater
weight gain over the period of grouping than low-
rankers (t = —2-08, p.r. =93, P = 0:04) (there was
no significant relationship between eventual rank
and weight before grouping). Again as expected,
there was a significant decline, when all group
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Fig. 2. The relationship between dominance rank (based
on ratio of attacks initiated : received) and the mean
number of attacks initiated per observation period.
t=—494; pF. =95; P < 000001. Bars represent
standard errors.
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Fig. 3. The number of attacks initiated per observation
period by high-ranking (ranks 1 and 2, Q, —-) and
low-ranking (ranks 3-6 A, ) males with duration of
group maintenance. t = —575; n.r. = 30; P < 0-00001
and ¢t =—3'88; D.F. = 64; P = 000025 respectively.

durations were taken into account, in the number of
aggressive interactions initiated with decreasing
dominance rank, though with a tendency for the two
top-ranking males to have a disproportionately high
mean incidence (Fig. 2). Analysis of the relationship
between the time groups remained established and
the frequency of initiating aggressive interactions by
ranks 1 and 2 and remaining ranks separately showed
that the decline with duration of establishment,
while significant for both rank categories, was more
pronounced in the top two ranks (Fig. 3). The
frequency of initiation of attacks was thus much
higher in the top two ranks in the early stages of
group establishment but declined to levels com-
parable with those of subordinate ranks in longer-
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Fig. 4. The relationship between duration of group
maintenance and mean parasitaemia at the time of
fastest clearance by tracer mice. ¢t = —1:73, p.r. = 90,
P < 0:05. Bars represent standard errors.

established groups. As a result of their greater
involvement in attacks, males with a greater fre-
quency of initiation emerged with a higher average
fur score at the end of their period of grouping (t =
240, p.F. =93, P=0019), though there was no
significant relationship between fur score and rank.

If involvement in aggressive interactions has an
immunodepressive effect, we should expect sus-
ceptibility to experimental infection to have been
greater among mice grouped for shorter periods
when rates of attack were high. While there were no
significant trends for peak parasitaemia or time to
reach peak parasitaemia, there was a significant trend
in the expected direction for time to clear infection.
Fig. 4 shows that, relative to the fastest clearance
among tracer mice, there was a significant negative
relationship between duration of grouping and
remaining parasitaemia. Mice grouped for short
periods thus appeared to be slowest to clear infection.
That this was due to the relationship between
grouping and frequency of aggression and not some
other consequence of short-term grouping was
supported by stepwise partial regression analysis
taking into account both duration of grouping and
the number of attacks initiated per observation
period which yielded attacks initiated as a significant
predictor of parasitaemia at fastest clearance (f =
2:05, p.F. = 88, P = 0:044) but no independent effect
of duration of grouping. For the reasons discussed in
the Introduction section, it is more difficult to
predict a priori the relationship between suscep-
tibility to infection and dominance rank. However,
since the frequency of initiating attacks increased
with rank and parasite clearance rate was negatively
related to attack initiation, it is not surprising that
parasitaemia at fastest clearance increased with
increasing rank (one-tailed t=—2-12, bp.r. = 89,
P < 0:05). Interestingly, stepwise partial regression
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Fig. 5. Fur score after grouping (see text) and (A) mean
parasitaemia at fastest clearance by tracer mice, ¢ = 2-08;
D.F. = 90; P < 0:05 and (B) mean day of peak
parasitaemia, ¢t = —2'08; p.r. = 91; P < 0:05. Bars
represent standard errors.

analysis taking into account both rank and frequency
of attack initiation maintained the significant re-
lationship between clearance rate and rank (one-
tailed t =—2-12, p.r. = 88, P < (0-05) but did not
yield a significant independent effect of frequency of
attack initiation. Nevertheless, an effect of frequency
of attack initiation was implied by significant
relationships between fur score and both para-
sitaemia at fastest clearance (Fig. 5A) and time to
reach peak parasitaemia (Fig. 5B); males with poorer
fur condition at the end of their period of grouping
both reached a peak of infection sooner and main-
tained a high parasitaemia longer. In contrast to the
partial regression analysis of attack initiation and
duration of grouping, both rank and duration of
grouping yielded significant effects (one-tailed
t=—218, pr.=88, P<005 and t=-—1481,
D.F. = 88, P <005 respectively) when taken into
account simultaneously. A significant effect of rank
was also maintained (one-tailed ¢t = —2-00, n.F. = 89,
P < 0:05) when eventual pinworm burden was taken
into account, with pinworm burden showing a

188

significant positive association with B. microti para-
sitaemia at fastest clearance (¢ = 2-12, D.F. = 89,
P = 0037). Males having the highest parasitaemia
at fastest clearance thus also had the highest pin-
worm burdens. However, there was no significant
association between rank or frequency of attack
initiation and pinworm burden. The expectation
arising from these trends, therefore, is that higher-
ranking/more aggressive males will have shown
more evidence of stress and immunodepression as a
result of their greater involvement in aggressive
interactions.

Stress and immune responses

Analysis of the relationships between rank and
frequency of attack initiation on the one hand and
measures of serum IgG levels on the other showed a
significant trend in the expected direction for the
association between frequency of attack initiation
and ratio of IgG levels before and after grouping
(Fig. 6); males showing higher rates of attack
initiation experienced reduced IgG levels relative to
pre-grouping measures. There were also non-
significant tendencies for IgG ratio to decline with
increasing dominance ranking and for higher rankers
and males initiating more attacks to have lower
absolute levels of IgG before grouping and after
grouping prior to infection with B. microti. These
outcomes were maintained when both rank and
frequency of attack initiation were taken into account
simultaneously using stepwise partial regression.
Inclusion of eventual worm burden in partial
regression analysis revealed no significant indepen-
dent effect on IgG measures and no effect on the
significance of the analyses above. Despite its
relationship with frequency of attack initiation, there
were no significant effects of duration of grouping on
measures of IgG level.

While the significant trends in IgG levels were as
expected from the analyses of aggressive behaviour
and B. microti infection, analysis of corticosterone
levels revealed more complex relationships. On
average, corticosterone levels rose as a result of
grouping (means+S.E. ng/ml corticosterone before
grouping = 88-:3+11-87, mean after grouping =
17543+15-76; t=621, p.r.= 184, P <0-0001).
However, the ratio of increase (ng/ml after:before)
within individuals showed a significant tendency to
increase with decreasing social rank (Fig. 7) so that
lower-ranking males experienced a greater increase
in corticosterone levels relative to levels before
grouping. There was also a non-significant trend
towards males showing higher frequencies of attack
initiation having higher corticosterone levels prior to
grouping. However, these trends conceal a potential
ceiling effect among higher-ranking/more aggressive
males. Analysis of absolute levels of corticosterone
before and after grouping showed that the males that
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Fig. 6. The number of attacks initiated per observation
period and the ratio of serum IgG levels before and
after grouping. t = —1-91; p.r. = 67; P < 0-05.

0-6

o
n
L

¢

e
E-N
]

Mean log corticosterone ratio
=] =3
r &
1 1

e
pry
L

U 1 1 L T I 1
0 1 2 3 4 5 6 7
Dominance rank

Fig. 7. Dominance rank and mean serum corticosterone
levels before and after grouping. ¢ = 245; p.r. = 88;
P < 001. Bars represent standard errors.
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Fig. 8. The number of attacks initiated per observation
period and serum corticosterone level before grouping.
t =406; D.F. = 92; P < 0:01. (——-) Relationship with
serum coricosterone levels after grouping (data points
omitted, see text).
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were aggressive in their experimental groups had
significantly higher corticosterone levels than less
aggressive males before entering the group (Fig. 8).
There was a similar, but non-significant, trend with
rank. Since there was no significant relationship
between the frequency of attack initiation (or rank)
and corticosterone levels after grouping (see dashed
line in Fig. 8), the relationships with corticosterone
ratio appear to be due partly to high initial levels of
corticosterone among higher-ranking /more aggress-
ive males and partly to a large relative increase in
corticosterone among low-ranking/less aggressive
males to levels comparable with those of high
rankers. As with IgG levels, there was no significant
effect of period of grouping on any measure of
corticosterone.

DISCUSSION

The results of the experiment support the idea that
social experience can influence susceptibility to
infection and that this is mediated by effects of social
experience on the immune system,

Initially unfamiliar male CFLP mice, maintained
for different periods in groups of six, differed in their
rate of clearance of an infection of B. microti and the
time taken to reach peak parasitaemia in relation to
their aggressive behaviour within groups. Males that
initiated more aggressive interactions and/or had
higher social status in terms of their ratio of attacks
initiated : received were slower to clear infections and
tended to reach a peak of infection sooner. Moreover,
mice that were allowed to remain in groups for only
short periods, when rates of attack initiation tended
to be higher, were also slower to clear infection. The
fact that a trend occurred in rates of clearance of
parasitaemia is consistent with what is known about
the immunological control of B. microti infections in
mice. Primary infections are curtailed by processes
dependent on T lymphocytes since nude mice fail to
control primary parasitaemia which eventually stabil-
izes at approximately 509, and may persist for
several months (Clark & Allison, 1974). The onset of
a declining parasitaemia is characterized by the
appearance of crisis forms (degenerating intra-
erythrocytic stages of the parasite (Clark et al,
1977)), possibly as a consequence of exposure of
infected erythrocytes to the cytokines TNF and INF
secreted T' lymphocytes and macrophages (Clark &
Howell, 1991). However, all the parasites are not
eliminated and there follows a chronic plateau which
may last for 4-5 weeks or even longer in some mouse
strains (Eugui & Allison, 1980). Parasite-specific
antibody appears in the serum in detectable amounts
at about the time of rising parasitaemia, reaching a
plateau almost concurrently with peak parasitaemia
(Purvis, 1977). Immunodepression does not alter the
point at which parasitaemia begins to increase (Clark
& Allison, 1974). Severe immunodepression, as in
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nude mice, prevents parasitaemia from falling after
the peak has been attained but milder treatment
would be expected to affect the intensity of peak
parasitaemia (Lrvin et al. 1981), to slow the declining
phase and to prolong the survival of the low-intensity
post-crisis plateau. However, while an effect on the
intensity of peak parasitaemia was not detected here,
the time to reach a peak was shorter in aggressive
mice (but see Clark & Allison, 1974) and this
combined with slower clearance suggests that stress-
induced immunodepression was relatively mild. The
inocula used were relatively high and the stimulus
for activating the cell-mediated response would have
been sufficiently intense to be indistinguishable
across mice. However, subsequent events involved
in clearing the persisting parasites from erythrocytes
took place over a longer period and here the subtle
influence of moderate levels of immunodepression
are likely to have been more influential in determin-
ing the duration of infection,

A significant positive association between clear-
ance rate for Babesia and pinworm burden suggests
that increased susceptibility may be general, though
there was no independent relationship between
pinworm burden and measures of aggression or
social rank. Coupled with the lack of any relation-
ships between pinworm burden and measures of
immune competence, it is unlikely that the apparent
effects of aggression on immunity were influenced by
differences in individual pinworm burden during the
period of grouping.

The results of serum IgG and corticosterone
analysis were consistent with increased aggression
and maintenance of high rank causing stress-induced
immunodepression, but relationships with aggres-
sion and rank were not simple. At first sight, it
appeared that more aggressive, higher-ranking males
experienced a greater reduction in IgG levels over
their period of grouping but a smaller increase in
corticosterone compared with less aggressive/lower-
ranking males. However, it is important to note that
aggressive males tended to enter their groups with
higher corticosterone and, to a non-significant extent,
reduced IgG levels. Their greater reduction in IgG
levels over the grouping period thus occurred from
already relatively low levels whereas their cortico-
sterone did not increase much above its pre-existing
level. This suggests that aggressive males were
predisposed towards greater susceptibility before
being grouped with other unfamiliar individuals
(either inherently or as a result of social experience in
their natal litters). Such apparent predisposition has
been found with other physiological correlates of
social response. Fokkema et al. (1988) found that rats
that turned out to be most competitive in ex-
perimental social encounters tended to be those with
high pre-existing levels of noradrenaline and that
prior noradrenaline levels predicted not only social
but also associated catecholaminergic (adrenaline:
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noradrenaline ratio) responses. The appreciable
decline in their immune capability, but only small
increase in corticosterone levels, suggests there may
have been causes of immunodepression other than a
stress response among higher-ranking males, perhaps
mediated by testosterone secretion (Grossman, 1985;
Folstad & Karter, 1982). This is supported by the
fact that lower-ranking males showed a large increase
in corticosterone secretion but little evidence of
reduction in IgG levels.
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