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Testosterone increases the transmission potential of

tick-borne parasites
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Using laboratory-bred natural rodent hosts that had been castrated and then implanted with either testosterone or inert

oil, we have shown that testosterone causes prolonged and more intense infections of a tick-borne piroplasm, Babesia

microti. This will result in more ticks becoming infected while feeding. Sexually active male rodents with high testosterone

levels are also known to show increased locomotory activity and reduced innate and acquired resistance to tick feeding,

so that more ticks are likely to be picked up and then fed successfully by these hosts. As a result, the transmission potential

of B. microti is significantly increased via hosts with high rather than low testosterone levels. It is argued that testosterone

helps to generate the observed aggregated distributions of parasites amongst their hosts, which also enhances parasite

persistence.

Key words: ticks, Babesia microti, rodents, testosterone, transmission potential, aggregated distributions.



Since Hamilton’s seminal papers on the potential

role of parasites in the evolution of sex (Hamilton,

1980) and of sexual selection systems (Hamilton &

Zuk, 1982), many studies have focused on the

dilemma faced by males. While secondary sexual

features, both physical and behavioural, commonly

depend on high testosterone levels (Folstad & Karter

1992; Peters et al. 2000), resistance to parasites

appears to be compromised by this male hormone in

certain groups of mammals and birds (inter alia

Grossman, 1985; Barnard, Behnke & Sewell, 1993,

1994, 1996; Saino, Møller & Bolzern, 1995; Zuk,

Johnson & Maclarty, 1995; Hughes & Randolph,

2001). Barnard et al. (1994) showed that the negative

effect of testosterone on resistance to infection with

the tick-borne piroplasm Babesia microti was con-

fined to high-rank male laboratory mice. Evidence

from captive and free-living fairy-wrens now

supports the hypothesis that only high quality,

highly immuno-competent males can endure ex-

tended periods of immuno-compromising high tes-

tosterone levels necessary for the production of

sexually selected signals (Peters, 2000). Fewer

studies, however, have investigated the impact of

these parasite–hormone interactions on the trans-

mission dynamics of the parasites themselves. When

the parasite is vector-borne, and when the vector

may also provoke an immune response in its host,

any generalized impact of testosterone on resistance

to infection may act to focus transmission efficiently

* Corresponding author. Tel: 01865 271241. Fax: 
01865 271240. E-mail: sarah.randolph!zoology.ox.ac.uk

within one highly infected fraction of the host

population (Woolhouse et al. 1998). Sexually mature

male hosts commonly, but not invariably (Roberts,

Satoskar & Alexander, 1996), carry heavier parasite

burdens than do females or immatures of either sex

(Randolph, 1975; Folstad et al. 1988; Craine,

Randolph & Nuttall, 1995), and themselves also

show over-dispersed distributions of parasites

(Randolph, 1975, unpublished observations; Shaw,

Grenfell & Dobson, 1998). The onset of sexual

activity induces an increase in male rodent home

ranges and activity (Randolph, 1977; Rowsemitt,

1986, 1989) and therefore greater potential contact

with sedentary parasites such as ticks. Furthermore,

engorgement and survival rates by ticks are signifi-

cantly improved for those that feed on rodents with

high testosterone (Hughes & Randolph, 2001). The

ubiquity of sexually active males, at least seasonally,

within any population of vertebrate hosts gives

testosterone a potentially highly significant role in

the generation of aggregated parasite distributions

and the maintenance of parasitic infections.

In Britain, B. microti is transmitted by Ixodes

trianguliceps (Young, 1970), a nidicolous tick con-

fined to rodent burrows and therefore unlikely to

infect humans. In continental Europe, the non-

nidicolous I. ricinus can also act as a vector (possibly

of a distinct strain of B. microti) at least in the

laboratory (Walter & Liebisch, 1980), while in USA

I. scapularis and I. spinipalpis transmit a piroplasm of

the same name amongst rodents and frequently to

humans (Telford & Spielman, 1993; Burkot et al.

2000). In Britain, woodmice (Apodemus sylvaticus),

bank voles (Clethrionomys glareolus) and shrews

(Sorex spp.) are major hosts of I. trianguliceps

Parasitology (2001), 123, 365–371. " 2001 Cambridge University Press
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Fig. 1. Testosterone levels in individual voles,

Clethrionomys glareolus, trapped in a woodland in

southern UK in May, sexually active (testes descended

into the scrotum) (E) (n¯4) or inactive (_) (n¯3);

and laboratory-bred, castrated and then implanted with

testosterone (D) (n¯4) or with oil (^) (n¯3).

(Randolph, 1975), but of these only voles regularly

develop a sufficient parasitaemia with B. microti to

effect transmission to ticks (Turner & Cox, 1986;

Randolph, 1995).

In this paper we describe how testosterone

enhances the transmission potential of B. microti

through its multifactorial impact on the interactions

of both the protozoan parasite and its vector with

their natural rodent hosts. There are potentially 2

separate effects : increased survival of parasites in

less resistant hosts, and the increased transmission

potential that commonly arises from heterogeneity in

parasite distributions amongst the host population

(Anderson & May, 1978; Hasibeder & Dye, 1988;

Randolph, 1995; Woolhouse et al. 1997, 1998;

Randolph et al. 1999).

  

Hosts

Thirty-two 2 to 4 month-old male bank voles were

chosen at random from unrelated litters from an out-

bred laboratory colony in the Department of Zo-

ology, Oxford, avoiding litter mates within any one

trial.

Testosterone manipulation

All the rodents were first castrated under anaesthesia,

using standard surgical procedures. These castrates

later received implants containing either testosterone

(Te rodents) or sesame oil (Oil rodents). Implants

consisted of 10 mm long silastic tubing (internal

diameter 1±6 mm, Osteo Tec Ltd, Dorset, UK)

either packed with crystalline testosterone or filled

with sesame oil (both Sigma, UK) and sealed at both

ends with a medical grade sealant. Implants were

floated on PBS for 24 h to facilitate steroid diffusion

and then washed in 70% alcohol immediately prior

to insertion subcutaneously in the rodent dorsal

mid-line behind the neck, always between 10±30 and

12±00 h. This standard method of testosterone ma-

nipulation (Roubian, Papoian & Talal, 1977;

Rowsemitt, 1986) was validated in our laboratory by

assays on blood samples (for details see Hughes &

Randolph 2001) taken from more than 20 rodents

subject to identical procedures and used in other

parallel experiments. Without exception, the assays

showed that the release of testosterone is relatively

constant and proportional to the length of implant

(Hughes, 1998; Fig. 1 in Hughes & Randolph,

2001). To avoid unnecessary disturbance, assays

were not performed on the particular rodents in this

experiment because stress affects the course of B.

microti infections (Barnard, Behnke & Sewell, 1993).

For comparison, natural testosterone levels were

assayed in a sample of mixed-aged, free-living voles

trapped in May 1996 in southern England.

Monitoring B. microti parasitaemia

Voles were syringe inoculated intraperitoneally with

a strain of B. microti that had originally been isolated

from wild voles trapped near Oxford in July 1987,

passaged once into laboratory-bred voles and then

held as frozen stabilates. On reactivation, this was

maintained by minimal serial passage between voles,

with direct or, at most, 1 passage between the

experimental trials of this study. A drop of blood

from the tail vein of an infected vole was drawn into

0±5 ml of Alsever’s solution in a syringe, mixed and

used to infect 2 voles. The donor vole was always in

the declining phase of parasitaemia (a) to avoid

unnaturally high, often fatal, infections in recipient

voles, and (b) to minimize the frequency of passages.

In these post-patent inocula, at least 40% of

intraerythrocytic merozoites appear abnormal (Clark

et al. 1977; Randolph, 1995) and the number of

infective B. microti are vanishingly scarce and cannot

be quantified reliably. Parasitaemia was recorded as

percentage of infected red blood cells in thin blood

smears taken daily from the tail vein and stained with

Giemsa. Over 4 trials, the course of parasitaemia was

monitored in 16 testosterone-treated and 16 oil-

treated voles, all of which had received their implants

at least 24 h before inoculation with B. microti.

Within any 1 trial, 4 voles of each treatment were

inoculated by random turn from the same infected

donor vole.

Statistical analysis

Quantitative features of the parasitaemic curves were

compared statistically using an ANOVA type model

(applied with the SAS GLM procedure). The
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Table 1. Characteristics of the parasitaemic cycles of Babesia microti in voles treated with testosterone (Te

voles) or with oil (Oil voles)

Te voles Oil voles GLM statistics

n 16 16

Mean daily increase* 3±56³0±28 3±37³0±21† F
", #"

¯0±06, P¯0±809

(range) (2±6–6±1) (2±6–5±2)

Mean day of onset of infectivity‡ 6±94³0±35 8±38³0±49 F
", #%

¯5±20, P¯0±032

(range) (5–10) (4–12)

Mean peak % parasitaemia 43±8³4±13§ 24±1³2±52 F
", "*

¯15±62, P¯0±0009

(range) (17–66) (12–54)

Mean duration of infectivity¶ 4±09³0±25§ 2±88³0±16 F
", "*

¯21±71, P¯0±0002

(range) (2–5) (2–4)

Vole mortality rate 5}16 (31%) 1}16 (6%) Yate’s χ#¯2±65, P"0±05

*Mean daily multiplication rate estimated from the regression of log% parasitaemia against day number of infection over

the first 4–6 days of detectable parasitaemia (while the relationship is linear).

†Omits 3 voles whose linear increase in log patent parasitaemia ceased after 3 days.

‡First day when% parasitaemia &2%.

¶Period in days from &2% to peak parasitaemia.

§Omits 5 voles which died at times of peak recorded parasitaemia.

dependent variables used were time of onset of

detectable parasitaemia, daily rate of increase in log

percentage parasitaemia, duration of infectivity, and

peak percentage parasitaemia for each vole. The

latter was arcsine square-root transformed to homo-

genize variance and normalize residuals. Both trial

and treatment (with levels Te and Oil) were used as

fixed categoric independent variables for all models.



Testosterone titres

Testosterone implants identical to those used here

resulted in the establishment within 12 h of hormone

levels that were on average rather higher than, but

within the physiological range, observed in free-

living sexually active male voles (Fig. 1). They

endured at this level, or slightly below, for over 2

months. In Oil voles, plasma testosterone remained

at !20% of this level, comparable to sexually

immature wild male voles.

B. microti parasitaemia

There were no significant differences in the features

of the parasitaemic cycles (listed in Table 1) between

trials (F¯0±40–2±51, P¯0±75–0±09 for all com-

parisons) and no interactions between trials and

treatment (F¯0±44–2±34, P¯0±73–0±11 for all com-

parisons). The slight trend towards more uniform

cycles and lower peak levels in the fourth trial

(Fig. 2) is typical of the effect of repeated serial

passages (Randolph & Nuttall, 1994). In all the

hosts, the parasitaemia followed the usual cycle for

voles (see Randolph, 1995): a patent infection was

detectable ("0±05%) from days 4–6 (exceptionally

days 8–10) post-inoculation, reached recorded peaks

of between 12 and 66% usually between days 9 and

12 post-inoculation, and declined precipitously to

undetectable levels by days 10–16 (Fig. 2). Larval

ticks, the most numerous stage to feed on rodents,

can only acquire a transmissible infection if they

engorge (i.e. take the final day of their blood meal) on

voles showing a rising phase of parasitaemia above a

threshold level of 2% (Randolph, 1995). On average,

the patent parasitaemic curves in Te voles increased

at a slightly faster daily rate than in Oil voles, enough

to result in significantly shorter latent periods before

the 2% threshold level was reached (Table 1). Also

peak parasitaemia levels were on average higher in

Te voles : 13 (81%) Te voles, but only 3 (19%) Oil

voles, developed peak parasitaemias &30%. Five

(31±3%) Te voles died, all except 1 on the day after

their parasitaemia was recorded at over 47%,

indicating an even higher, lethal peak level ; only 1

(6±25%) Oil vole died and this occurred during the

post-patent phase, 5 days after its parasitaemia had

reached a peak of 22% (see trial 2 in Fig. 2). In those

voles which survived, the mean period of infectivity

was significantly longer, by 1±21 days (42%), in Te

voles than in Oil voles.



Syringe passage results in parasitaemic curves that

differ from those induced naturally by tick-bite

(Randolph & Nuttall, 1994), most notably in their

greater uniformity amongst hosts and generally

greater intensity of infection. Parasitaemia may reach

"75% following syringe passage, which results in

"80% anaemia and host death (Randolph, 1991).

Following the natural infection route, parasitaemia
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Fig. 2. The course of parasitaemia of Babesia microti syringe passaged into laboratory-bred voles, Clethrionomys

glareolus, implanted with testosterone (solid symbols) (n¯16) or with oil (open symbols) (n¯16) in 4 trials. Dot-

dashed lines show voles that died. The horizontal dashed line shows the threshold level for infectivity to ticks.

sometimes reached high peak levels, up to 66%, but

was never observed to be lethal (Randolph, 1995). So

the greater observed mortality rate in Te voles,

typically on days following a recorded parasitaemia

of "47%, may have been unnaturally high. A direct

negative effect of testosterone on vole survival cannot

be excluded, but the hormonal effect is more likely to

have operated indirectly via its impact on para-

sitaemia, given the coincidence between death and

high peak parasitaemias.

The apparently minor differences in the para-

sitaemic curves in voles with different testosterone

levels contribute to significant differences in trans-

mission potential of B. microti. Males with high

testosterone levels would have an increased prob-

ability of transmitting piroplasms to uninfected ticks

because, on average, they remain infective for 42%

longer than do rodents with low testosterone levels,

i.e. transmission potential is positively correlated

with increased parasite virulence. The 2% para-

sitaemia threshold for infectivity is not invariably

achieved either by tick-induced or by syringe-

passaged infections (although it was in the present

experiment), but infectivity periods of up to 4 or 6

days are typical for natural and artificial infections

respectively (Randolph, 1995). The significant

difference in duration of infectivity in voles with

high testosterone levels (4–5 days, with 1 exception

at 2 days) and low testosterone levels (2–4 days) is

therefore realistic.

This difference was caused by a minor (6%)

increase in the rate of development of parasitaemia,

causing tick-infective infections to appear on average

about a day sooner in Te voles, and, more signifi-

cantly, by the rate at which the infection was limited.

In Te voles, parasitaemia continued to increase for
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about one and a half days longer, and therefore

reached higher levels, than in Oil voles. B. microti

infections are thought to be limited by the host’s

immune system, although this has never been

investigated in natural host species. In laboratory

mice, infection is controlled by a soluble factor

derived from macrophages (Clark & Howell, 1990)

which kills the parasite within the erythrocytes

(Clark et al. 1977). It appears, therefore, that

testosterone depressed the operation of those com-

ponents of the vole’s immune system that normally

limit B. microti infection, although the precise target

is unknown. The nature of the changes in the

parasitaemic curves were similar to those observed in

laboratory mice subjected to stress (Barnard et al.

1993), although the curves themselves are very

different in laboratory mice and voles (Randolph &

Nuttall, 1994). Individual variation in parasitaemic

curves within the Te and Oil groups of voles may

have reflected differences in male ‘quality’ (sensu

Saino et al. 1995; Peters, 2000). Alternatively, this

variation may have been due to slight differences in

the parasite inoculation dose, although this was not

enough to cause differences between trials nor to

mask the significant differences between Te and Oil

groups.

In addition to these new results, other known

effects of testosterone will enhance the potential of

the same fraction of the wild rodent population, the

sexually active males, to transmit B. microti between

ticks. First, testosterone reduces innate resistance by

mice and voles to ticks, and acquired resistance by

voles (Randolph, 1994; Hughes & Randolph, 2001)

(mice do not show acquired resistance – Randolph,

1979; Dizij & Kurtenbach, 1995). The effect is to

permit a higher percentage attachment and engorge-

ment by feeding ticks, and better subsequent survival

by engorged ticks. Secondly, the chance of sexually

active male rodents picking up infected ticks is

greater, because at the start of the breeding season in

spring they increase their home range size and

therefore their potential contact rate with sedentary

questing ticks, while rodents in other age and sex

classes do not (Randolph, 1977). Sexually active

male rodents do indeed carry the greatest tick

burdens from March to September (Randolph,

1975). Finally, preliminary results suggest that

infection with B. microti itself induces an increase in

host locomotory activity (as measured by wheel-

running) at exactly the period in the parasitaemic

cycle when ticks must be picked up if they are to

engorge during the window of infectivity (Hughes,

1998).

The values obtained by these artificial laboratory

experiments cannot be applied directly to quantify

the relative indices of B. microti’s basic reproduction

number, R
!
, via voles with high and low testosterone

levels in the field. Nevertheless it is clear that

testosterone has a positive effect on almost all

transmission parameters (reduced latent period,

increased vector–host ratio, prolonged period

of infectivity and better interstadial tick

survival – Randolph & Craine, 1995), although other

potential negative impacts of high testosterone on

vole survival, through the demands of sexual ac-

tivities or through lessened resistance to other

infections, remains a possible counter-effect. The

substantial number of sexually active voles in natural

populations during the B. microti transmission

season (principally the summer when infected

nymphal ticks feed – Young, 1970), could thus solve

the mystery of B. microti maintenance in Britain

where mean infestation levels of I. trianguliceps are

so low and the window of transmission so narrow

(Randolph, 1995).

Testosterone therefore introduces considerable

heterogeneity in parasite transmission rates within

host populations. Inter- and intra-sexual variability

in testosterone levels could at least partially explain

both the higher mean parasite burdens observed in

males and the high degree of aggregation of parasites

of many sorts amongst males (Shaw et al. 1998),

while female sex steroids may perhaps also generate

heterogeneities amongst females (Roberts et al.

1996). The outcome is not, however, uniform.

Vertebrates whose high testosterone levels are

associated with territoriality are likely to pick up

fewer free-living parasites than do more wide-

ranging non-territorial hosts. For example, cock

pheasants with well-developed wattles (sexual dis-

play features) attract harems of females and establish

small territories early in the spring, before the onset

of the tick’s (I. ricinus) major feeding season, and low

tick infestation levels themselves promote this ter-

ritorial behaviour (Hoodless et al. 2001). In yet other

vertebrates, lizards, testosterone has a significant

positive effect on distance moved and tick infestation

levels in large, but not small, males (Salvador et al.

1996, 1997; Olsson et al. 2000). Despite this variation

in hormone–host–parasite interactions, the common

outcome is aggregated tick distributions amongst

host populations, with significant consequences for

parasite transmission dynamics. For example, the

maintenance of endemic cycles of another tick-borne

parasite, tick-borne encephalitis virus, appears to

depend on the aggregated distributions of both

immature tick stages amongst their rodent hosts,

with large numbers of larvae and nymphs coinciding

on the same individual hosts, principally adult males

(Randolph et al. 1999).
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