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Pair bonding prevents reinforcing effects
of testosterone in male California mice
in an unfamiliar environment
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Testosterone (T) can be released by stimuli such as social interactions, and

thereby influence future social behaviours. Because the reinforcing effects

of T can induce preferences for specific environmental locations, T has the

potential to alter behaviour through space use. In a monogamous species,

this T pulse may contribute differently to space use in sexually naive (SN)

and pair-bonded (PB) males: SN males may be more likely to explore new

areas to set up a territory than PB males, which are more likely to defend

an existing, established territory. In this study, we test for variation in

T-driven space use by examining variation in the formation of conditioned

place preferences (CPPs) in SN and PB male California mice. In the three-

chambered CPP apparatus, subcutaneous administrations of physiological

levels of T were used to repeatedly condition SN and PB males to a side

chamber, which is an unfamiliar/neutral environment. The final tests

revealed that T-induced CPPs in the side chamber are developed in SN,

but not PB males. This study fills a gap in our knowledge about plasticity

in the rewarding nature of T pulses, based on past social experience.
1. Introduction
Reinforcing effects are elicited by the incentive properties of a stimulus, and

may have been evolutionarily important for survival, reproduction and fitness.

One mechanism through which reinforcing effects can be measured is the develop-

ment of a preference for the location in which an animal was exposed to a stimulus

that, in turn, activates the internal reward systems. The strength of addicting and

rewarding drugs can be measured by the development and strength of con-

ditioned place preferences (CPPs). Testosterone is a natural hormone that elicits

CPPs in rats [1,2] and mice [3]. In hamsters, T is voluntarily consumed through

oral, intravenous and intracerebroventricular self-administration [4–6]. Together,

these studies suggest that T has reinforcing effects. However, the natural functions

of T’s reinforcing effects are not well understood.

Testosterone release in a male animal usually occurs under two social contexts:

male–male aggressive encounters and male–female sexual encounters [7]. Post-

encounter T surges modulate many reproduction-related behaviours, such as

territorial defence, mate guarding and exploratory behaviours. The modulation

of these behaviours can require an animal to adjust the space use by allocating

more time to one location and less time to another. We therefore speculate a

potential natural function of T’s reinforcing effects is to influence an animal’s

space use. Specifically, the reinforcing effects of T facilitate the association of the

environmental context with the stimulus that elicits the T pulses.

The pair bond is a marker for an important life-history stage in monogamous

animals, and affects several T-related social behaviours such as aggression and

partner preferences [8,9]. Pair-bonded (PB) male California mice (Peromyscus
californicus), a monogamous and territorial species, dampen their scent-marking

responses towards novel females [10]. While some neural changes (i.e. dopamine

system) associated with pair bond formation have been uncovered [11,12], less is

known about how the pair-bonding experiences affect the reinforcing properties

of hormones or neurochemicals. Formation of a pair bond in male prairie voles
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(Microtus ochrogaster) decreases the effect of the drug amphet-

amine on the formation of a CPP [13]. This finding suggests

that social experience can alter the reinforcing effects of other

external and internal stimuli.

This study investigated the influence of pair-bonding

experience on the reinforcing effects of T by testing T’s ability

to produce CPPs in PB and sexually naive (SN) male California

mice. Studies on wild California mice showed that SN males

are more likely to explore unfamiliar areas to set up a territory

than PB males, which are more likely to defend an existing,

established territory [14,15]. We predicted that the reinforcing

effects of T pulses in an unfamiliar/neutral environment

would be greater in SN males than in PB males, illustrating

how pair bonding can alter the reinforcing effects of T.
oc.B
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2. Material and methods
(a) Subjects
We used 48 male and 24 female P. californicus aged 6 to 12 months.

They were group-housed (two to three per cage; 48� 27� 16 cm)

under a 10 L : 14 D cycle. Animals were maintained in accordance

with the National Institute of Health Guide for the Care and Use of

Laboratory Animals. Males were randomly assigned to either the

PB group (n ¼ 24) or the SN group (n ¼ 24). For the PB group,

each male was paired with a female 10 days before the experiment.

The paired male and female mice were huddling side by side after

24 h of pairing, which is a well-accepted indicator of partner prefer-

ence in monogamous prairie voles (M. ochrogaster) [16–18]. We did

not record the mating behaviour of paired animals, but under lab-

oratory conditions, 50% of animals have mated after 10 days of

pairing with a range from the first few days after introduction to

at least 35 days [19]. Pairs were always observed for compatibility,

and if fighting occurred then both the male and female were

excluded from the experiment. The other 24 males (SN group)

were sexually naive and housed in male–male groups (including

two males that were either siblings or males of a similar age)

established after weaning (no wounds were observed on any of

the males and no aggression was observed).

(b) Testosterone dose
We used 36 mg kg21 T injections (T-cyclodextrin inclusion com-

plex, Sigma, St Louis, MO) because a previous study found that

36 mg kg21 subcutaneous T injection produces a transient increase

in plasma T levels that is approximately three to five times higher

than the baseline, and lasts for about 10 min [20]. While the dose in

this study is lower than those used to identify CPPs in rats and

mice, it mimics natural changes in T found in intact California

mice after winning a male–male encounter [21]. Intraperitoneal

T injections of 36 mg kg21 are enough to elicit an intermediate

winner effect and necessary for a full winner effect [7,20,22,23].

(c) Conditioned place preference apparatus and
procedure

Conditioning took place in a large polycarbonate testing cage

(91 cm long � 46 cm wide� 43 cm high) divided into three equal

chambers. The two side chambers were connected to the middle

chamber by manually controlled, sliding guillotine doors. The

walls of one side chamber were decorated by horizontal black-

and-white stripes, whereas vertical black-and-white stripes were

used for the other side chamber.

Our CPP procedure was modelled after a previous study [24].

On day 1, each male’s initial compartment preference was tested

(pre-test). Following a 5 min habituation period in the middle
chamber, we raised the doors to allow the male to move through-

out all three chambers for 30 min. The side chamber in which the

male spent the most time was the initially preferred side

chamber, which was defined as CS2 chamber during the con-

ditioning phase. Accordingly, the initially non-preferred side

chamber was defined as CSþ chamber. From days 2–7, males

received a series of 45 min conditioning sessions, one session

per day on six consecutive days. Saline or T conditioning sessions

occurred on alternating days, beginning with the saline con-

ditioning session on day 2. During the saline conditioning

sessions (days 2, 4 and 6), all males were taken from their

home cages and placed into CS2 chamber, where they were

given a subcutaneous saline injection and isolated for 45 min.

Animals were randomly assigned to either the T group or

the control group. During T conditioning sessions (days 3, 5

and 7), mice in the T group were placed in the CSþ chamber

and administered subcutaneous T injections. Control group still

received saline injections in CSþ chamber. The CPP apparatus

was cleaned thoroughly with 50% ethanol following each con-

ditioning session and test. Twenty-four hours after the last

conditioning session, mice were tested for their place preferences

using the same procedure as in the pre-test. During all condition-

ing sessions and tests, the female partner or male cage mate of

the focal male was moved out of the testing room.
(d) Data analysis
Two types of scores were used to assess whether the T injection

induced a CPP. The preference score was the time spent in the

CSþ chamber divided by the sum of the time in the CSþ
and CS2 chambers. The difference score was the time spent in

the CS2 chamber subtracted by time in the CSþ chamber. The

difference score was used to confirm the production of CPP

because the preference score may increase solely due to decreased

time spent in the CS2 chamber (i.e. more time spent in the middle

chamber). Therefore, the formation of a CPP was defined as signifi-

cant changes in both preference and difference scores. These two

scores have been widely used in CPP studies [25–28]. We tested

normality using the Kolmogorov–Smirnov test. Groups were

compared using paired t-tests to evaluate the changes in pre-

and post-conditioning scores. Three mice were excluded from the

statistical analysis because they either did not explore all three

CPP chambers or were not compatible with the female partners.
3. Results
SN male California mice receiving saline injections did not

form a CPP, whereas T-treated mice formed a CPP for the

side chamber associated with the T injections (figure 1a). Pre-

ference scores during pre-tests and tests were not significantly

different for the control group (t10¼ 0.873, p ¼ 0.40), but

increased significantly for the T group (t10¼ 2.229, p ¼ 0.049).

Likewise, the difference scores of pre-test and test did not

change significantly for the control group (t10¼ 1.634, p ¼
0.13), but decreased significantly for the T group (t10¼ 2.797,

p ¼ 0.02).

By contrast, PB males did not show a CPP for the side

chamber associated with the T injections (figure 1b). Paired

t-tests showed that the preference scores did not change sig-

nificantly for either the control group (t10 ¼ 0.504, p ¼ 0.63)

or the T group (t11 ¼ 0.349, p ¼ 0.73). Likewise, the difference

scores did not decrease significantly for either the con-

trol (t10 ¼ 0.934, p ¼ 0.37) group or the T group (t11 ¼ 1.386,

p ¼ 0.19).
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Figure 1. (i) Preference and (ii) difference scores on pre-tests (white bars) and tests (grey bars) for control and testosterone groups of (a) SN and (b) PB male
California mice. Asterisks indicate a significant change in preference and difference scores between pre-test and test for the testosterone group ( p , 0.05). Data are
mean+ s.e.
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4. Discussion
Using a classical design for examining reinforcing effects of

drugs, we demonstrate that subcutaneous administration

of T (36 mg kg21) can produce CPPs to an unfamiliar/neutral

environment in male California mice. This finding is consist-

ent with previous studies showing that transient T pulses are

reinforcing in rats, mice and hamsters [1–6]. More impor-

tantly, we find that the reinforcing effects of T rely on the

pair-bonding status; T created CPPs for a previously neutral

environment in SN males, but not PB males. To our knowl-

edge, this is the first study demonstrating variation in

T-induced CPPs based on social experience. The variation

in T-induced CPPs in SN and PB males may reflect plasticity

in the strength of the reinforcing effects of T based on social

experience. This plasticity may further affect an animal’s

space use, which is related to different reproductive priorities.

Before forming pair bonds, most SN males are motivated to

disperse up to 80 m and establish ownership of a territory

[15]. The T-induced CPPs observed in SN males may

reinforce the allocation of time towards exploration of an

unfamiliar environment [29] and/or help to initiate territori-

ality in SN mice. By contrast, PB males have already

established their own territories, where the interactions with

the partner and familiarity with the environment may

increase the salience of the territory. The importance of the

territory to PB California mice has been revealed in other

studies; the winner effect (increased ability to win based on pre-

vious wins) developed in the home cage is later expressed in

the home cage but not in an unfamiliar cage [30,31]. Owing

to the higher salience of the territory overa neutral environment,

PB males may decrease time spent in a neutral environment but

increase the time spent close to their mates, which might be the

mechanism of maintaining sexual fidelity and reducing the risk

of extra-pair copulations [32]. Moreover, the T pulses induced

by the interactions with female partners may also help enhance
the proximity between PB animals [33] and further block

formation of CPPs in an unfamiliar/neutral environment.

The variation in T functions between SN and PB males may

underlie the plasticity of behavioural reinforcement in the neu-

tral environment and orient males to allocate more time in the

salient environmental cues in which the display of T-related

behaviours are important for individual fitness.

The potential of T to influence space use related to repro-

ductive effort appears to be mediated by long-term changes

in T as well as short-term T pulsatile changes as described in

our study. In birds, the long-term elevation of T increases beha-

viours associated with reproductive success, such as song rate

[34], mate guarding [35], territorial extension [36] and defence

[37]. Male dark-eyed juncos (Junco hyemalis) implanted with T

tend to increase the allocation of time to locomotion and fora-

ging, and decrease the time allocated to sleeping and preening

[38]. In spiny lizards (Sceloporus jarrovi), T-implanted males

spend more time in territorial defence during the day [39]

and increase frequencies of male–female interactions following

a territorial encounter with an introduced male [40]. The

change in the above reproductively associated behaviours

requires animals to allocate more time to salient locations

such as the territory and the nest.

As a complement to previous studies using T implants, our

results indicate that a few T pulses may also impact time allo-

cation to different environments. Such pulsatile T releases are

hypothesized to help animals cope with the immediate situ-

ation that stimulated release [41]. The T pulse that occurs

after either male–male antagonistic encounters or male–

female sexual encounters may induce males to differentially

allocate time based on location of the encounter [7]. Aggressive

encounters can induce CPPs per se [42,43], and the T pulses

following a fight might mediate the CPPs for the location in

which a given encounter occurs [44]. Therefore, the T-induced

CPPs might influence territoriality by adjusting site preferences

during instances of territory settlement. Moreover, the T pulses
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after the sexual encounters may drive the male to allocate

more time in the environment in which the possibility of

encountering a female is higher.

The focus in this study is on pulses of T; however, we

cannot rule out the possibility that the baseline T levels are

dissimilar between SN and PB males as levels were not

measured, but we consider it unlikely because the baseline

levels of T are not significantly different between SN and

PB male California mice that have not had pups [45]. Also,

in California mice, the T levels are characterized by being

high during the first 24 h after a pair is introduced and fall

back to baseline by three weeks [19].

On a neurophysiological level, pair-bonding experience

may affect T’s ability to produce CPPs by altering the dopamine

system. In monogamous prairie voles, the pair-bonding experi-

ence itself elevates nucleus accumbens dopamine receptor

binding [9]. Further, such experience decreased the reinfor-

cing properties of amphetamine by decreasing the effect of

amphetamine on dopamine-1 receptor binding, but not

amphetamine-induced dopamine release or metabolism [13].

The same effects of pair-bond formation on amphetamine

may be applied to T, which also activates the dopamine

system to induce its reinforcing effects. While it is not possible
to identify whether these effects are occurring rapidly via the

final T injection or a cumulatively additive effect over the

week-long injection, there is evidence that the reinforcing effects

of T can be mediated through some of its metabolites that can

affect the nucleus accumbens dopamine system through effects

on g-aminobutyric acid (GABA)A/benzodiazepine receptor

complexes [41]. Also, a study in rats showed that the mutation

of classical androgen receptors does not inhibit the

development of dihydrotestosterone self-administration [46],

suggesting that the reinforcing effects of T may be mediated

through the activation of non-classical receptors. Future

research will be needed to examine changes in the expression

of androgen receptors and also other neurophysiological altera-

tions that occurred after forming the pair bond, and how these

alterations contribute to the decreased reinforcing effects of T in

the neutral environment.
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