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Seasonal cycles of reproduction are common in many mammals and these are combined with the neces-
sary energy budgeting for thermoregulatory challenges. Many mammals meet the challenge of changing
environmental temperatures in winter by using torpor, a controlled reduction in body temperature and
metabolic rate. We aimed to determine the effects of photoperiod and reproductive hormones on the sea-
sonal cycles of reproduction and torpor use in a marsupial that commences reproduction in winter, the
stripe-faced dunnart, Sminthopsis macroura. Males and females were placed under LD 14:10 and natural
reproductive hormones blocked by either flutamide (males) or mifepristone (females) or tamoxifen
(females). Reproductive parameters, metabolic rate and torpor variables were determined. The same ani-
mals were then placed under LD 10:14 and given testosterone (males) or progesterone (females) or oest-
rogen (females). Reproductive parameters, metabolic rate and torpor variables were measured. Body
mass and tail widths (fattening indicator) in males were significantly affected by testosterone, and the
effects were reversed by hormone blockers. Reproductive parameters were unaffected. Resting metabolic
rate and ability to use torpor were not affected by treatment in males, however torpor characteristics,
especially torpor bout duration, were affected by presence of testosterone in males. In females, body mass
was unaffected by hormone presence, although tail widths were affected. Disruption of reproductive
cycles occurred with hormone blockers in females, however, resting metabolic rate was not affected,
and only presence of progesterone affected torpor characteristics in females. Our results differ from those
found for rodents, where presence of testosterone abolishes the use of torpor in males, and oestrogen
inhibits torpor use in females. Our study suggests that, in this mammal, metabolic responses to the pres-
ence or absence of reproductive hormones differs between males and females, and there is no absolute
endocrinologically-driven reproductive season demarcated from the torpor season.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

thought to be the main proximate cue regulating the neuroendo-
crine cascade that ultimately leads to production of young [70,9].

Seasonal cycles of reproduction are common in many organ-
isms. Mammals, including marsupials [75,47], will generally time
the energetically costly activity of reproduction to correspond to
the most advantageous time of the year, that is, for periods of food
abundance. Cues such as rainfall, temperature and photoperiod
have been mooted as Zeitgeber for onset of reproduction, however,
photoperiod is the most reliable in indicating external environ-
mental changes, no matter where a mammal lives. This is in con-
trast to rainfall and temperature, which can be variable from
year to year. The obvious parameter of the day/night cycle is the
duration of day, and this photoperiodic attribute is commonly
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In marsupials, photoperiodic cues are known to promote repro-
ductive activities in species from several orders. These include the
insectivorous marsupials Antechinus spp. [49,51], Sminthopsis spp.
[26,68], wallabies Macropus spp. [61,52,45], the brush-tailed pos-
sum Trichosurus vulpecula [24] and the common bandicoot Isoodon
macrourus [23]. The neuroendocrine control of reproduction in
those mammals studied so far, including marsupials e.g.
[61,23,45,52,50], is initiated by the hormone melatonin, via the
pineal gland, in response to photoperiod [62]. The neuroendocrine
cascade results in gonadal and reproductive hormonal changes in
response to these changes in photoperiod, and these have been
best described in some hamsters and ground squirrels
[27,11,2,30,31,66]. Preparation for reproduction includes changes
in body condition, increasing body mass, initiating gonadal recru-
descence and changing fur colouration [27,11,2,30,31,66].
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However, in conjunction with the timing of reproduction, small
mammals must also budget for thermoregulatory challenges. Both
reproduction and thermoregulation at low ambient temperatures
(T,) can be energetically expensive for small mammals. Many small
mammals use torpor especially during periods of low T, and food
scarcity [16]. Torpor is characterised by a controlled reduction of
body temperature (T,) and metabolic rate (MR) and is the most
effective means for energy conservation available to mammals
[16]. The seasonal use of torpor is common in the colder months
of the year when food supply is low, and this is coincident with
short photoperiods [17,18,40]. Seasonal use of torpor has also been
shown to be driven by photoperiod in some species [27,11,22].
Importantly, reproduction and torpor use seem mutually exclusive
for many heterothermic rodent species [29,27,60,65,57]. In con-
trast, a monotreme, some marsupials and bats enter torpor during
the reproductive season, and females can use torpor even while
pregnant or lactating [19,20,29,21,41,54,69].

Clearly mammals use contrasting methods for budgeting for en-
ergy costs while promoting the energetically costly process of
reproduction. Some studies have been performed to elucidate the
role that reproductive hormones have in torpor use. Testosterone
administration inhibits torpor in hamsters and ground-squirrels
[29,27,44], and prolactin administration inhibits torpor in non-
breeding female Djungarian hamsters [65]. Paradoxically, in arctic
ground squirrels, androgens do not decrease in response to onset of
winter, and this is believed to promote anabolism of muscle in
preparation for catabolism during the long hibernation season
[5]. In female rodents the effects of steroid sex hormones on ther-
mal physiology are mixed, with either oestradiol or progesterone
administration affecting thermoregulatory activities in some spe-
cies, and having no effect in others [29,11,44,42,57]. Alongside this
are pronounced changes in body condition indicators promoted by
the sex hormones [30,31]. Nevertheless, despite the limited under-
standing of the interactions between reproduction, hormones and
torpor, little work has been conducted for the past 15 years specif-
ically on the topic of reproductive hormonal influences on torpor in
any species [57].

The stripe-faced dunnart, Sminthopsis macroura, is a small car-
nivorous marsupial that can use torpor during pregnancy [21]. It
lives in the Australian arid zone and has a seasonal reproductive
period as photoperiod increases from late June (winter solstice)
to January, a few weeks after the summer solstice (late December),
followed by reproductive quiescence for the rest of the year (while
photoperiod decreases to the winter solstice in late June; [47]). The
long breeding season in this species is believed to be a response to
the unpredictable environment, allowing replacement of any lost
litters [47]. Torpor use by dunnarts during early pregnancy is also
believed to allow energy savings in preparation for the long period
of lactation [21]. Because of the overlap between torpor and some
reproductive activity we investigated the effect of major reproduc-
tive hormones on body condition and torpor patterns of both male
and female S. macroura. Specifically, we aimed to determine in
both sexes whether physiological levels of reproductive hormones
administered to non-reproductive animals during short photope-
riod (reproductively quiescent period) affect body condition and
torpor patterns, and also to determine whether the absence of
reproductive hormones in animals during long photoperiod (repro-
ductively active period) affects body condition and torpor patterns.

2. Material and methods

2.1. Animals

Twenty (10 male and 10 female) adult S. macroura (1-2 years)
were used. The animals were obtained from a captive colony main-

tained at the University of New England. Due to their territorial
nature, the animals were housed individually. Cages consisted of
translucent plastic (23 x 44 x 32 cm) with metal mesh (1 cm) lids
and a floor covering of clean wood shavings. Nesting boxes with
shredded paper were provided. Small cardboard rolls and boxes
were given to the animals for environmental enrichment and to
provide cover outside the nest box, and a variety of toys were also
provided (running wheels, bird swings or climbing toys). Animal
cages and nest boxes were exchanged once a week. The animals
were maintained in a temperature-controlled room at 19 °C
(£2 °C). Artificial light was supplied by three 75 watt broad spec-
trum incandescent lamps (150 Lux). The animals were fed a mix-
ture of water soaked macerated cat biscuits (Friskies “Go Cat”)
and either tinned cat food (Whiskas non-fish varieties) or tinned
dog food (Pedigree Pal). Vitamins (PetVite) were added to the food
once a week. The food mixture consisted of 77.9% water (dried 24 h
in 60° oven), 8.9% ash (determined using a muffle furnace) and
21.1 KJ/g dry (determined by bomb calorimetry, Parr Instruments,
Inc). Freshly mixed food was provided once a day approximately
1 h before the onset of darkness. Food was always provided in ex-
cess to the animals’ needs. Mealworms (Tenebrio larvae) and
cooked chicken egg were provided at irregular intervals. Water
was always available ad libitum. All animal experiments were
undertaken with permission of the University of New England Ani-
mal Ethics Committee, and NSW National Parks and Wildlife
Service.

2.2. General experimental protocol

Animals were exposed to short photoperiod (L:D 10:14) from
mid-February to mid-June 2002 for the males and from mid-Febru-
ary the beginning of August 2002 for the females. Males were in
long photoperiod (L:D 14:10) from mid- June to the end of August
2002. Females remained in long photoperiod from the beginning of
August to mid-October 2002. The photoperiod schedule was se-
lected because these are the shortest (L:D 10:14) and longest days
(L:D 14:10) that the animals experience in their habitat range.

Animals were acclimated to both short and long photoperiods
for minimum of 4 weeks before the commencement of hormone
or blocker injections. At the end of the photoperiodic acclimation
period, animals exhibited reproductive parameters consistent with
the photoperiod exposure see [47]; that is, reproductive quies-
cence under short photoperiod, and reproductive activity under
long photoperiod.

2.3. Hormone injection regime

Hormone injections for animals exposed to short photoperiod
were calculated based on the results of blood samples taken during
a period of long photoperiod and assayed by RIA. Males were in-
jected with testosterone equal to circulating levels found in ani-
mals during long photoperiod, and half the level of testosterone
circulating in animals during long photoperiod. Males were given
Durateston (consisting of Testosterone propionate 6 mg/ml, Tes-
tosterone phenylpropionate 12 mg/ml, Testosterone isocaproate
12 mg/ml, Testosterone decanoate 20 mg/ml; in oil, Intervet) a
long acting form of testosterone, following McAllan [46]. This long
acting formula was used to test whether the hormones had to be
circulating in the blood for an extended period of time to influence
torpor. Females were injected with both oestrogen (p-estradiol
98%, Sigma) only and progesterone (99%, Sigma) only equal to cir-
culating levels and half the circulating concentrations during long
photoperiod for both hormones (table 1). Because the information
was not available at the time of the experiment, pregnancy level
progesterone values, from the literature, were used to calculate
doses. The averaged pregnancy level of progesterone for the East-
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ern Quoll, Kowari, brown Antechinus and Bandicoot was 10 ng/ml
(Table 2). All females received oestrogen injections first followed
by progesterone injections. The females remained in short photo-
period longer than the males because of the delay in determining
progesterone values.

For animals experiencing long photoperiod, circulating levels of
hormones were blocked so that they were similar to circulating
levels present when animals were reproductively quiescent. Two
treatments were experienced by animals, they would either be in-
jected with enough blocker to fully block the hormones, or they
would be injected with enough blocker to block half the circulating
hormones. In males, testosterone as well as DHT was blocked using
flutamide (Sigma), a pure androgen receptor antagonist. In females,
oestrogen activities were blocked by tamoxifen (citrate salt 99%,
Sigma), a protein kinase C inhibitor and a mixed oestrogen ago-
nist/antagonist. In females, progesterone actions were blocked
using RU486 (Mifepristone 98%, Sigma), which is a progesterone
receptor antagonist. Doses of blockers were calculated assuming
one molecule of blocker was equal to one molecule of hormone (ta-
ble 1).

Injections were based upon the assumption of 8% blood volume
and all doses were made up to 0.1 ml (based on 21 g BM) which
were adjusted to BM of individual animals. All solvents were dis-
solved and diluted in ethanol (analytical grade, AnalaR). Peanut
oil (Crisco) was used as a depot because it allowed the substance
to be released over a period of 24 h (Bradley, personal observation).
All injections were administered at 0900 h on the day the animals
were to be placed in the metabolic chamber in the afternoon. Injec-
tion at this time allowed the full amount of the substance to be cir-
culating in the blood when the animals would normally enter
torpor. Injections were administered subcutaneous into the scruff
of the animal’s neck with a 27G needle.

2.4. Assessment of body condition

The body condition and reproductive status of all animals was
assessed every one-two weeks, usually during the time of weekly
cleanings, throughout the experimental period. Body mass (BM)
was measured to the nearest 0.1 g on an electronic balance. Tail
width (TW) has been observed to be an indicator of general fat
stores in a closely related species, Sminthopsis crassicaudata [34],
thus widths of the widest part of the tail were taken using Vernier
callipers. Body mass and tail width were analysed at the beginning
of the treatment regime, where they were compared to the body
masses of animals at the beginning of all experiments. They were
also analysed for differences between control treatment groups
under the different photoperiod regimes, and they were compared
after treatment with the control treatment groups for each photo-
periodic regime.

2.5. External assessment of reproductive status

Scrotal widths, bulbourethral gland size and the presence of
sperm were used to determine the reproductive status in males.

Table 1
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Scrotal widths were measured weekly using Vernier callipers. In
S. macroura, scrotal width decreases slightly, and bulbourethral
glands increase with the onset of spermatorrhoea [78]. The scrotal
length was determined for a single testicle and width was mea-
sured across both testes [49]. The presence of sperm in the urine
was checked when a urine sample was available. Urine was col-
lected on a clean slide and examined by a light microscope under
100x magnification [78]. The size of the bulbourethral glands were
also monitored weekly and assigned to one of three categories [49].
These glands are located in all marsupials just under the crus penis
and adjacent to the penis on both sides [64].

Oestrus was determined in females by monitoring the urogeni-
tal sinus for the presence of cornified epithelial cells, which are
shed at the onset of oestrus [79,67]. Smears were taken by gently
running a clean slide across the urogenital sinus and examined
for cells under a light microscope. Changes in the depth, fur cover-
ing and colour of the pouch, have been described [79,67] and were
quantified following McAllan et al. [49]. A minimum score of 2 is
assigned for females that are sexually mature, but not cycling,
and this state is usually seen in autumn and early winter when ani-
mals are reproductively quiescent. A maximum score of 8 is as-
signed when animals demonstrate full development of the
pouch, urogenital sinus and maximum cytology. Assessment of
reproductive parameters in both sexes was performed a few days
before the metabolic rate measurements and these values are re-
ported in the present study.

2.6. Assessment of reproductive hormones

Blood samples from animals exposed to short photoperiod (8 of
each sex) and from animals under long photoperiod (8 of each sex)
were taken after acclimation ended during each photoperiod. A
27G needle was used to puncture the tail vein and blood was col-
lected in a heparinized capillary tube, transferred to a microcentri-
fuge tube, centrifuged cold at 1500 g until the plasma separated.
Plasma was stored at —80°C until needed. Radioimmunoassay
(RIA) was used to determine the concentrations of testosterone
for males and oestrogen and progesterone for females. Blood sam-
ples were not pooled. Results of the assays were used to calculate
the injections for the hormone experiments.

2.7. Steroid RIA

Plasma and saliva samples (20 pl) were mixed with 0.05 M
phosphate buffer (pH 7.4) to make 1 ml of solution. This was added
to a Strata X solid phase separation column (Strata X polymeric
sorbent column 30 mg/1 ml, 8B-S100-TAK, Phenomenex, USA)
and drawn under vacuum into a waste collection tube. Protein
and other substances that might interfere with the radioimmuno-
assay were washed through the column using 1 ml distilled water
followed by 1 ml of 35% methanol in water. The steroid attached to
the solid phase matrix was eluted using 1 ml absolute methanol.
This elution process was monitored by internal recovery checks
using small quantities (2,000dpm) of 3H-steroids giving recoveries

Doses and control regimes for hormones and hormone blockers injections for reproductive hormone experiments. For both short and long photoperiod exposure, animals were
first given no injection (control for injection) followed the next week by oil injection (control for the actions of injection). Because some of the solutions, once mixed, only
remained active for a short time, all hormones and blockers were then administered in a random order once a week until all animals had received all doses. To ensure all animals
received the same concentration of hormones/blockers, all animals were injected from the same batch of solution.

Short photoperiod (L:D 10:14)

Long photoperiod (L:D 14:10)

Hormone Control for injection  Control for vehicle Half dose Full dose Blocker Control for injection  Control for vehicle Half dose Full dose
Testosterone  No injection Peanut oil 20ng/ml  40ng/ml Flutamide No injection Peanut oil 38 ng/ml 76 ng/ml
Oestrogen No injection Peanut oil 1.5ng/ml 3 ng/ml Tamoxifen No injection Peanut oil 0.6 ng/ml 1.2 ng/ml
Progesterone  No injection Peanut oil 5 ng/ml 10ng/ml RU486 No injection Peanut oil 14ng/ml 28 ng/ml
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Table 2
Progesterone levels during pregnancy of four species of marsupials.
Species Plasma progesterone concentration Authors
Eastern Quoll 8-10 ng/ml Hinds (1989)
Dasyurus viverrinus pregnant
Kowari 9.9-11.5 ng/ml Fletcher (1989)

Dasyuroides byrnei
Brown Antechinus

Antechinus stuartii
Northern Brown Bandicoot

Isoodon macrourus

11-15 ng/ml

3.9-12.6 ng/ml

23-30 days oestrus/pregnancy

Hinds and Selwood (1990)

15-4 days before parturition

Gemmell et al. [25]

between 11-4 days before parturition

between 92% and 97%. Prior to the RIA step, the eluted steroids
were allocated to separate 12 x 75 mm polypropylene test tubes
and dried at 37 °C under vacuum in a Biichler vortex evaporator.
Radiolabelled steroids [1,2,6,7->H]-oestradiol, [1,2,6,7->H] - testos-
terone and [1,2,6,7->H]-progesterone, were purchased from the
Radiochemical Centre (Amersham, U.K). Non-radioactive steroids
were obtained from Sigma Chemical Co., USA. All other reagents
used were of analytical grade and purchased from commercial
sources.

Plasma testosterone concentrations were determined by radio-
immunoassay (RIA) as described by Bradley [7] using a titre of 1/
5000. Plasma oestradiol and progesterone was determined using
antisera raised in New Zealand white rabbits using the procedure
described by Bradley [7]. Oestradiol 3-o-carboxymethyloxime-
BSA conjugate and progesterone 3-o-carboxymethyloxime-BSA
conjugates were purchased (Sigma Chemical Co) for the production
of antisera. The working titres of oestradiol and progesterone anti-
sera was 1/7500 and 1/6000, respectively. Testing of both antisera
revealed cross reactivities of <10% for any related steroid (Bradley,
unpublished). Assay sensitivity for the three steroids were less
than 10 pg. Inter-assay variation for oestradiol, progesterone and
testosterone assays were 8.6%, 8.5% and 8.9%, while intra-assay
variability was 8.4%, 8.9% and 7.9%, respectively.

After separation of free from bound steroid using dextran
coated charcoal (DCC), 150 pl aliquots of supernatant were added
to plastic picovials containing 2 ml of CytoScint (ICN Biomedicals,
Coata Mesa CA, USA) and counted to an accuracy of <2% standard
deviation in a Beckman LS6000TA liquid scintillation spectrometer.
Standard curve construction and conversion of activity in unknown
samples was performed using AssayZap software (Biosoft, Cam-
bridge, UK). Serial dilutions of S. macroura plasma were made using
charcoal stripped plasma and assays run against the standard
curves prepared using known concentrations of steroid. The stan-
dard curves for oestradiol, progesterone and testosterone were
parallel to that of a serially diluted plasma sample when measured
by the appropriate RIA.

2.8. Respirometry

Metabolic rate (MR) was measured as the rate of oxygen con-
sumption (VO,) using open flow respirometry systems. Animals
were placed in 750 ml glass chambers in a temperature controlled
cabinet (0.5 °C). Paper towelling lined the chambers to absorb
waste and to act as a non-conductive surface for the animals to rest
on. Oxygen consumption was measured over 23 h after each treat-
ment the animal received. Single animals were measured in indi-
vidual isolated metabolic chambers, but, as the respirometry
system allowed for multiple measurements, animals were mea-
sured in groups of three of the same sex at the same time. Individ-
uals measured on the same day were given the same injection.
Animals were measured once a week to allow time for the full
clearance of hormones and blockers.

Oxygen consumption was measured by a single channel system
which was able to measure three animals in sequence. Automati-

cally operating solenoid valves enabled oxygen consumption to
be determined for each animal sequentially for 3 min in a 12 min
cycle including one outside air reference reading for 3 min. The
oxygen concentration was measured on a sub-sample of air, col-
lected downstream of the animal chamber, using a single channel
oxygen analyser (Ametek Applied Electrochemistry S-3A/1, Pitts-
burgh) that had been fitted with a high resolution output board
(80335 SE). A flow rate of approximately 450 ml/min was main-
tained using rotameters (7908, Aarlborg, New York) and measured
via a mass flowmeter (FMA-5609, Omega, Stanford) that had been
calibrated with a bubble meter. This flow rate/chamber combina-
tion gave a 99% equilibrium in approximately 8 min using the
equation from Lasiewski et al. [43]. This flow rate ensured that
the oxygen concentration in the chambers did not fall below 20%.
All air was dried by silica before entering the animal chambers
and before concentrations were measured. Air pumps (Optima A-
807) were used to provide the air flow.

The T, in the animal metabolic chambers was measured using
copper-constantan thermocouples that had been calibrated to the
nearest 0.1 °C with a Dobros precision mercury thermometer
(R6578) that was traceable to national standards. The thermocou-
ple output was amplified by a digital thermometer (Omega
DP116). T, was measured at the same time as VO, in the corre-
sponding animal chamber. Analogue outputs from the oxygen ana-
lyser, flowmeter, and digital thermometer were interfaced with a
personal computer fitted with a 14 bit analogue to digital con-
verter (Flytech). Oxygen consumption was calculated using Eq.
3a from Withers [77]. Processing was performed by software writ-
ten by G. Kértner. Light was provided by a 12 V 15 W lamp and was
programmed to the acclimation photoperiod experienced by the
animals at the time of the MR measurement. The animals were iso-
lated from the other animals throughout the measurement period.

MR of each animal was measured for 23 h (x1 h). The animals
were placed in the metabolic chambers in the afternoon 1-3 h be-
fore dark to allow time for the animals to acclimate to the cham-
bers. No food or water was available for the duration of the
measurements. MR of each animal was measured at 19 °C. Animals
were weighed to the nearest 0.01 g on a laboratory balance before
and after each experiment in order to calculate mass-specific met-
abolic rate, with a constant rate of loss in body mass assumed dur-
ing the MR measurements. To determine whether duration of
exposure to long-acting hormones had an effect on metabolism,
animals given long-acting hormones (testosterone treatments)
were measured twice, on day 1 and day 8 of administration, all
other animals were measured after the series of injections were
completed, that is, the last day of their hormone treatment.

2.9. Calculated variables: resting metabolic rate (RMR), average daily
metabolic rate (ADMR), day metabolic rate (DMR), night metabolic
rate (NMR)

Resting metabolic rate (mlO,/g/h) was obtained from animals
that were normothermic and post absorptive and measured at a
T, of 19 °C. The lowest values of MR of inactive resting animals
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were averaged over a minimum duration of 36 min. All RMR mea-
surements were obtained during diurnal hours since this species is
nocturnal. Moreover, RMR values were taken after the animals
were acclimated to the chambers, and also resting. Average daily
metabolic rate (ADMR) was determined by averaging all mass-spe-
cific metabolic rate measurements over a 23 h period at a constant
T, of 19 °C. Day metabolic rate (DMR) was calculated by averaging
the mass-specific metabolic rates throughout the photophase.
Night Metabolic Rate (NMR) was calculated from by averaging
the mass-specific metabolic rates throughout the scotophase.

2.10. Torpor frequency and Torpor bout duration (TBD)

Because T, measurements were not available in this study, tor-
por was defined as the period when MR dropped below 75% RMR at
the same T, [35]. Frequency of induced torpor (no food and water
provided) was defined as the percentage of animals under each
treatment regime that exhibited torpor during the MR measure-
ment period. Torpor bout duration was calculated as the time
when RMR first fell below 75% of RMR (defined as torpor entry)
to when the animal’s oxygen consumption returned to 75% of
RMR (defined as torpor arousal).

2.11. Torpor metabolic rate (TMR)

Minimum TMR was determined by the lowest consecutive MR
readings over 36 min when the animal was in torpor. Mean T, cor-
responding to values of TMR were also calculated.

2.12. Statistical analysis

Initial body condition measures were analysed by two-way
Analysis of variance, followed by Tukey pairwise post-hoc tests if
initial analysis was significant. For each of the treatment groups,
data were analysed by General Linear Model Analysis of variance
using the individual animals as a repeated measure. If significant,
these were followed by Tukey pairwise post-hoc tests. Non-para-
metric data were transformed to accommodate the assumption
of normality and then analysed as described. Frequency data were
assessed by y? analysis. Data are presented as means # standard
error of the mean.

3. Results
3.1. Body condition

3.1.1. Initial measures for each photoperiod

Body mass differed over the course of the experiment. The body
mass of all individuals before exposure to changed photoperiods
was significantly lower than after acclimation to the changed pho-
toperiods (Table 3). Initial body mass, and also when body mass
was measured before hormone or blocker treatment began, did
not differ between sexes. There were no sex differences between
body mass measurements when no injection occurred and also
Peanut oil was injected (Table 3). However, body mass differed
over time, with initial body mass significantly lower than when
no injection occurred, but animals were acclimated to the new
photoperiod regime. Tail widths differed over the course of the
experiment. The tail width of all individuals before experimental
photoperiod exposure began was the same as those measured un-
der long photoperiods, and significantly smaller than those mea-
sured under short photoperiods (Table 3). Males had narrower
tail widths than females initially, measurements without injection
and with Peanut oil injection (Table 3). The tail widths without

injection and also when Peanut oil was injected did not differ
(Table 3).

3.1.2. Males LD 10:14

Body mass changed after injection under short photoperiod,
with both testosterone treatments significantly increasing body
mass when compared to both control groups (Table 3). Body
masses after testosterone treatment remained the same (Table 3).
Tail width did not differ among treatment groups (Table 3), nor did
testes width (Table 3). Reproductive parameters also did not differ
among treatment groups (Table 3).

3.1.3. Males LD 14:10

Body mass of males also changed significantly when injected
with hormone blockers under long photoperiod (Table 3). How-
ever, here only one treatment produced a significant change:
76 ng/ml Flutamide treatment resulted in a reduction of body mass
(Table 3). Tail widths differed significantly among treatments (Ta-
ble 3), with flutamide treatment significantly decreasing tail width
when compared with males with no injection or injected with pea-
nut oil (Table 3). Testes width did not differ among treatment
groups (Table 3). Other reproductive parameters also did not differ
among treatment groups (Table 3).

3.1.4. Females LD 10:14

Body mass did not change when females were treated with hor-
mones (Table 3), although tail width was affected (Table 3). Specif-
ically, treatment with progesterone significantly reduced tail width
compared to all other treatments. Oestrogen treatments did not af-
fect tail widths when compared to no injection or peanut oil treat-
ments (Table 3). Reproductive indices did not differ among
treatments (Table 3).

3.1.5. Females LD 14:10

Body mass did not change significantly when animals were
treated with hormone blockers, however, tail width was affected
(Table 3). Treatment with both doses of tamoxifen and the higher
dose of RU486 significantly reduced tail width in females when
compared to no injection and other treatment groups were not sig-
nificantly different from each other (Table 3). Reproductive indices
differed among treatments (Table 3), with only the no injection
and peanut oil treatments producing significantly different indices
from one another (Table 3).

3.2. Resting metabolic rate (RMR)

When photoperiod treatment, initial injection treatments and
sex was compared, RMR differed between sexes, with males having
lower RMRs than females, and when animals were exposed to pea-
nut oil (peanut oil > no injection), although photoperiodic exposure
alone did not affect RMR (Table 4). When RMR was measured un-
der LD 14:10 sex and initial treatment affected RMR with females
having significantly higher RMR after injection with peanut oil (Ta-
ble 4). Analysis of RMR for males treated under LD 10:14, males
treated under LD 14:10 and females treated under LD 10:14 was
not significant (Table 4). However, for females held under LD
14:10 RMR differed between treatments for females held under
long photoperiod (Table 4). All treatments initiated higher RMRs
than when animals were given no injection.

3.3. Average daily metabolic rate (ADMR)

There was no difference in ADMR between males and females
under either photoperiod, nor when initial injection treatments
and sex was compared (Table 4). However, when data were com-
pared within photoperiodic treatments (i.e. between photoperiodic
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Table 3

Body masses (1 in g), Tail widths (2 in mm) of both sexes, testes widths (3 in mm) of males, and reproductive score (4 no units) under different photoperiods and treatment
regimes. Data are means + 1 standard error of the mean. Two asterisks indicate that the values were significantly different from the no injection and peanuts oil control values
(p <0.01). One asterisk indicates that the values were significantly different to the no injection control value (p < 0.05). Three asterisks indicate that the values were significantly
different from the no injection and peanuts oil control values, and the other hormone/blocker treatment used (P < 0.005).

Initial

No. treatment

Short photoperiod (L:D 10:14)

Males

Females

(1) 21.07 £0.23*
(2) 6.80£0.35

(1)21.01 £0.22*
(2) 7.29£0.25

Long photoperiod (L:D 14:10)

Treatment

Females

Treatment

Males

Females

No injection

(1) 23.36 + 0.80
(2) 8.70 £0.22

No injection

1) 25.36 £ 1.06
2)6.78 £0.38

(1) 23.47 £0.70
(2) 7.33+0.15

1024035 3)10.58 +0.19
29+03 (4)24+02 4)36+0.16 (4)2.8+0.29
Peanut oil 2232+1.10 (1) 23.11 £ 0.69 Peanut oil 1) 2432 +0.88 (1) 22.25 + 0.64
7.54+0.28 (2)8.69+0.21 (2) 6.72+025

Testosterone 20 ng/ml

Testosterone 40 ng/ml

10.43 £0.37

(4)2.1£0.1

Flutamide 38 ng/ml

Flutamide 76 ng/ml

3)10.32£0.18
4)3.44+£0.18
1) 24.36 + 0.68
2)6.11 £0.27*
(3)10.62 £0.21
(4)3.33£0.17
(1) 24.09 + 0.84*
(2) 5.96 +0.23 **
(3) 10.60 £ 0.14
4)3.5+0.22

(
(
(
(
(
(2) 6.83 £0.29
(
(
(
(

(4)5.0£0.72

Oestrogen 1.5 ng/ml - (1) 23.74 £ 0.56 Tamoxifen 0.6 ng/ml (1)22.39+0.64
(2) 9.06 +0.34 (2) 6.14£0.17%
(4)22+0.13 (4)3.0£0.31
Oestrogen 3 ng/ml - (1) 23.32+045 Tamoxifen - (1)23.12+0.49
(2)9.08 +0.26 1.2 ng/ml (2)6.62 £0.21*
(4)2.0+0.0 (4) 3.25+0.37
Progesterone 5 ng/ml - (1) 23.04 £ 0.69 RU486 - (1) 21.16 £ 0.54
(2) 7.47 £+ 0.26 *** 14 ng/ml (2) 6.52 £0.23*
(4)2.4+0.31 (4) 3.71 £0.45
Progesterone 10 ng/ml - (1) 22.99+0.73 RU486 - (1) 22.67 £0.55
(2) 7.51 + 0.22"* 28 ng/ml (2) 6.54 +0.18+
(4)2.8+0.33 (4)3.8+0.53

Table 4

MR variables for males and females under different photoperiodic regimes and treatments [Resting Metabolic Rate (RMR), average daily metabolic rate (ADMR); day metabolic
rate (DMR), night metabolic rate (NMR)]. Data are means + standard error of the mean. One asterisk indicates that the values are significantly different to both female control
groups for both photoperiods (P < 0.05). Two asterisks indicates that the groups are significantly different to the no injection control group for that photoperiodic regime and sex
(P <0.05). Three asterisks indicate that the groups are significantly different to both no injection and peanut oil control groups.

Sex, photoperiod regime and Treatment Variable
RMR (mLO, g 'h™') ADMR (mLO, g 'h™') DMR (mL O,.,g'h™!) NMR (mLO,g 'h™")
Males Short Photoperiod LD 10:14 No injection 2.83+0.10* 3.78 £0.25 2.44+0.12 4.61+0.36
Peanut oil 2.92 £0.07* 3.97£0.30 2.68+0.12 4.78 £0.45
Testosterone 20 ng/ml Day 1 2.73+0.07 3.69+0.18 2.65+0.13 4.37+0.25
Testosterone 20 ng/ml Day 8 2.74 +0.08 3.79+0.24 2.70+0.16 4.51+0.31
Testosterone 40 ng/ml Day 1 2.78 £ 0.09 3.69+0.18 2.54+0.14 457 £0.16
Testosterone 40 ng/ml Day 8 2.79 +0.09 3.69+£0.20 2.53+0.12 4.34+0.28
Females Short Photoperiod LD 10:14  No injection 3.12+0.13 3.18£0.29 1.95+0.14 3.98 £0.49
Peanut oil 3.22+0.11 3.30£0.33 2.32+0.17 4.34+0.39
Oestrogen 1.5 ng/ml 3.18+0.09 3.23+0.28 2.32+0.14 3.91+0.40
Oestrogen 3 ng/ml 3.13+0.10 3.45+0.32 2.17£0.11 4,24 +0.47
Progesterone 5 ng/ml 3.26+0.14 3.82+0.24 2.79+0.26 ** 4.36+0.33
Progesterone 10 ng/ml 3.32+0.08 3.97+0.15 2.78 £0.26™ 4.66 +0.20
Males Long Photoperiod LD 14:10 No injection 2.69 £ 0.09* 3.62+£0.14 2.51+£0.12 5.08 £0.20
Peanut oil 2.99 £0.15* 3.59+0.18 242 +0.11 5.09+0.31
Flutamide 38 ng/ml 2.90+0.17 3.41+0.16 2.22+0.12 4.94+0.21
Flutamide 76 ng/ml 2.79+£0.12 3.25+0.18"* 2.10 £0.14™* 4.67 £0.31
Females Long Photoperiod LD 14:10  No injection 3.20+0.08 3.65+0.19 3.01+£0.25 4.50+0.18
Peanut oil 3.58 +0.09** 4.28 £0.24 3.70+0.34 4.95+0.22™
Tamoxifen 0.6 ng/ml 3.69£0.12™ 4.03£0.20 3.01+£0.27 5.32+£0.16™
Tamoxifen 1.2 ng/ml 3.70 £0.12™ 4.14+0.13 3.42+0.18 5.22 £0.10™
RU486 14 ng/ml 3.72+0.14* 3.95+0.16 3.15+0.24 5.50+0.27*
RU486 28 ng/ml 3.54+0.07* 4.20+0.20 3.42+0.32 5.23+0.15™

treatments), there was a sex difference in ADMR that was not af-
fected by injection with peanut oil under LD 10:14 with ADMR of

females significantly lower than that of males (Table 4). When
ADMR was measured under LD 14:10 neither sex nor initial treat-
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ment affected ADMR (Table 4). ADMR did not differ between hor-
mone or blocker treatments for males held under LD 10:14, fe-
males held under L:D 10:14 or LD 14:10 (see Table 4). However,
ADMR differed between blocker treatments for males held under
long photoperiod (Table 4). ADMR was significantly decreased with
76 ng/mL Flutamide treatment when compared with ADMRs mea-
sured under no injection or peanut oil treatment.

3.4. Day metabolic rate (DMR)

Before hormone or blocker treatment, DMR differed under the
different photoperiod regimes in untreated animals, and also dif-
fered due to the treatment with peanut oil. DMR was significantly
increased under long photoperiod. Sexes did not differ in DMR,
although there was a trend (Table 4). DMR did not differ between
hormone treatments for males held under LD 10:14 or for females
between blocker treatments held under LD 14:10 (Table 4). How-
ever, DMR differed between treatments for males held under LD
14:10, (Table 4). DMR was significantly decreased with 76 ng/mL
Flutamide when compared with DMRs measured under no injec-
tion or peanut oil treatment. Other comparisons were not signifi-
cant. DMR also differed for females held under LD 10:14
(Table 4). Treatment with progesterone significantly increased
DMR when compared to the no injection treatment (Table 4). All
other comparisons were not significant.

3.5. Night metabolic rate (NMR)

NMR differed under the different photoperiod regimes when
photoperiod treatment, initial injection treatments and sex were
compared. NMR was significantly increased under long photope-
riod (P<0.05 Table 4). There was no difference between sexes,
although there was a trend (Table 4). When data were compared
within photoperiodic regimes for untreated animals, there were
no differences in NMR under LD 10:14 or LD 14:10 (Table 4). How-
ever, while NMR did not differ for hormone or blocker treatments
in males held under LD 10:14, males held under LD 14:10 or fe-
males held under LD 10:14 (see Table 4). However, NMR was sig-
nificantly different between blocker treatments for females held
under LD 14:10 (Table 4). NMRs in females when no injection oc-
curred were significantly lower than when treated with both
tamoxifen and RU486.

3.6. Torpor frequency

Torpor use differed among photoperiod treatments and be-
tween sexes (Fig. 1a, x? = 20.22, P < 0.0001). Under short photope-
riods torpor was used by all animals when measured when they
had no injection, and by all but one male when measured after
the injection with peanut oil. In contrast, under long photoperiod
when either no injection was given, or when peanut oil was given,
all males used torpor but only 40% of females used torpor. Torpor
frequency did not differ between treatments for males held under
LD 10:14 or LD 14:10, or for females held under LD 14:10 (Figs. 2a,
3a and d). However, progesterone administration significantly de-
creased torpor frequency in females held under LD 10:14 (Fig. 2d,
%% =18.462, P<0.0001).

3.7. Torpor bout duration (TBD)

TBD was significantly decreased under long photoperiod. There
was no difference between sexes, nor with injection treatment
(Fig. 1b). However, when data were compared within photoperi-
odic treatments, TBD was significantly longer for females under
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Fig. 1. Torpor frequency (%, Fig. 1a), torpor bout duration (minutes, Fig. 1b) and
Torpor metabolic rate (mL O, g~ h™!, Fig. 1c) of males and females after exposure to
the short photoperiods without treatment (“none 1014”) or treated with peanut oil
(“peanut oil 1014") and also to long photoperiods without treatment (“none 1410")
or treated with peanut oil (“peanut oil 1410”). Male values are indicated by solid
bars and female values are indicated by open bars. With the exception of
percentages, data are means + 1 standard error of the mean. An asterisk indicates
that males and females in the group were significantly different at P < 0.05.
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Fig. 2. Torpor frequency (%, Fig. 2a and d), torpor bout duration (minutes, Fig. 2b and e) and Torpor metabolic rate (mL O,g ! h~!, Fig. 2c and f) of males (solid bars, Fig. 2a—c)
and females (open bars, Fig. 2d-f) after exposure to the short photoperiods and with hormone treatments. With the exception of percentages, data are means + 1 standard
error of the mean. An asterisk indicates that the group were significantly different to the no injection control at P < 0.05.

LD 10:14 (Fig. 1b, P=0.003). There were no differences in TBD ments for males held under LD 14:10, (Fig. 3b, P=0.004). TBD
when measured under LD 14:10 (Fig. 1b). TBD differed significantly was significantly greater when males were treated with flutamide
between treatments for males held under LD 10:14 (Fig. 2b, when compared with TBDs under no injection treatment
P=0.02). Pairwise post-hoc comparisons were equivocal, with (P=0.025). Other comparisons were not significant. TBD differed
none being significantly different. TBD differed between treat- between treatments for females held under LD 10:14, (Fig. 2e,
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Fig. 3. Torpor frequency (%, Fig. 3a and d), torpor bout duration (minutes, Fig 3b and e) and Torpor metabolic rate (mL O, g~ h~!, Fig. 3¢ and f) of males (solid bars, Fig. 3a—c)
and females (open bars, Fig 3d-f) after exposure to the long photoperiods and with hormone-blocker treatments. With the exception of percentages, data are means + 1
standard error of the mean.

P=0.002). Progesterone treatment significantly decreased TBD 3.8. Torpor metabolic rate (TMR)

when compared to TBD measured under no injection (P = 0.007).

Other comparisons were not significant. However for females held TMR of males was higher than that of females when photope-
under LD 14:10 TBD did not differ between treatments (Fig. 3e). riod and injection use were analysed (Fig. 1c, P = 0.023). When data
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for no injection or peanut oil were compared within photoperiodic
treatments, there were no differences in TMR under LD 10:14 or
under LD 14:10 (Fig. 1c). TMR did not differ among treatments
for either males or females held under either LD 10:14 or LD
14:10 (Figs. 2c and f, and 3c and 3f).

4. Discussion

Exposure to different photoperiods and hormone regimes sig-
nificantly altered body condition, reproductive status and thermal
energetics in S. macroura.

4.1. Body condition and reproductive indices

Body mass of untreated individuals was similar under both pho-
toperiods, tail widths decreased under long photoperiods, and
reproductive indices increased under long photoperiods. Testes
widths of males did not change throughout the experiment. Treat-
ment with testosterone under short photoperiods increased body
mass in males, but not other parameters, and treatment with flu-
tamide under long photoperiods decreased tail widths, but only
76 ng/mL flutamide treatment affected body mass. The response
of males to testosterone treatment is similar to other studies where
the anabolic effects of testosterone are immediately apparent on
body mass [46,8]. However, in rats, an increase in body mass can
be driven by the duration of the photoperiod on growth hormone
secretion, independent of testosterone [58,36]. In contrast, in col-
lared lemmings the peripheral conversion of testosterone to oest-
radiol can inhibit body mass increase [28]. In hamster species
changes in other body indices, such as winter coat development,
are modulated by circulating prolactin rather than circulating tes-
tosterone alone [12-14]. It may be that the lack of change in body
condition indicators in animals exposed to all but the largest dose
of flutamide is because other hormonal actions were not measured.

In the present study, the testes themselves appear relatively
impervious to changes in circulating hormone concentrations
which is consistent with another closely related marsupial, Ante-
chinus stuartii [46] and to some kangaroos (see [48]). This contrasts
with other mammals, where testes maintenance is dependent on
circulating testosterone [12,48]. However, the insignificant effects
of either testosterone or flutamide on the accessory reproductive
tract contrasts to other studies on marsupials [46,10], rodents
[37,1,76] and fish [3] although in other studies higher doses of flu-
tamide were used to initiate a significant response [1,76]. Indepen-
dence of the accessory tract to testosterone may suit the life
history pattern of this marsupial genus, where males can move
large distances, and females are more likely to hold territories
when reproducing [55,21].

In female dunnarts, body mass was not significantly affected by
any treatment although tail widths were significantly decreased by
the administration of progesterone under short photoperiod, and
by the administration of tamoxifen or the higher dose of RU486
under long photoperiod. In rats administration of either tamoxifen
or RU486 slows weight gain and reduces reproductive organ
weight in a dose-dependent manner [39,72,74]. Reproductive cy-
cling appears to have been affected in some female dunnarts.
Although statistical analyses of the indices were not significant, cy-
cling in some non-cycling females under short photoperiod was
prompted by addition of hormones. The equivocal response of
the females may be because both oestrogen and progesterone are
needed for reproductive cycles to be completed [53] and in the
present study only one hormone was administered at a time. Un-
der long photoperiod females in both the control groups are cy-
cling as indicated by the higher indices, and this is dampened
when treated with hormone blockers. S. macroura have an approx-

imately 24 day oestrous cycles [67] and because they were housed
singly there is no socially-induced oestrous synchrony.

In other mammals administration of tamoxifen disrupts but
does not completely abolish oestrous cycles [59,74]. Tamoxifen is
believed to be a partial oestrogen agonist as well as an antagonist,
with studies demonstrating a range of results from complete oest-
rogen antagonism to oestrogen agonism, depending on the dose,
sex of the animal, and the target organ examined, thus promoting
a mix of body condition effects [38,39]. Administration of RU486
promotes persistent oestrus in rats [72] and more frequent LH
surges in goats [71]. The effects of RU486 are believed to be on
the pituitary, affecting FSH and LH production [4,71]. Commonly
RU486 administration stimulates the development of follicles,
without ovulatory rupture [4,71,72]. The effects of tamoxifen and
RU486 on females are dose-dependent, with higher doses inflicting
more disruption to oestrous cycles and body condition
[38,39,71,73,59,74]. Our lower doses of tamoxifen and RU486 pro-
duced the disruption of oestrous cycles without complete abolish-
ment of cycling, moderation of fat stores as seen by tail width
modifications, and some body mass changes, similar to the effects
of these doses on other species [39,38,72,73,59,74].

4.2. Metabolism

Changes in torpor metabolic variables were observed, although
metabolism of normothermic animals was largely unaffected by
the treatments. There were also some effects of the use of peanut
oil, the vehicle control, which increased the RMR, DMR and NMR
of animals under long photoperiod. The injection of peanut oil un-
der long photoperiod was the first experience of the animals to the
injection regime, and thus our results for this parameter may have
been affected by the novelty of the experience, as peanut oil injec-
tion did not affect RMR under short photoperiod. Mass-specific
RMR differed between sexes, with the RMR of females consistently
higher than that of males. Higher RMRs have been reported for hu-
man males than for females, although when adjusted for body fat
content, this sex difference is removed [6]. Sex differences in RMRs
have often been associated with pregnancy and lactation [63,71].
However, the sex difference in RMR seen in our study may be more
related to this species’ sensitivity to the presence of female sex
hormones, as they were neither pregnant nor lactating. Clearly fur-
ther work is needed to explain the sex differences in RMR seen in
our study.

ADMR was also higher in females than in males, and although it
did not differ with treatment for females, it did for males, where
the highest dose of flutamide decreased metabolism. This was also
true for DMR and NMR. There are surprisingly few data on the ef-
fects of flutamide on metabolism, with a focus on body condition
and reproductive disruption rather than cellular metabolism
[1,76]. Interestingly, compartmentalisation of MR during the daily
cycle occurred, with ADMR unaffected in females, but DMR signif-
icantly increased under LD 10:14 with progesterone treatment and
NMR significantly increased under LD 14:10 with either tamoxifen
or RU486. These values are averaged in ADMR so any daily cycle
differences are negated.

We found the greatest effects of treatment were on the torpor
variables, including significant sex differences. Untreated males
did not differ in their frequency of torpor use, irrespective of pho-
toperiod, although treatment affected TBD, with testosterone
appearing to shorten TBD under LD 10:14, and flutamide adminis-
tration increasing TBD under LD 14:10. In contrast, females used
torpor less frequently under LD 14:10 than for LD 10:14, and pro-
gesterone treatment decreased TBD under LD 10:14, but TBD did
not change under LD 14:10. TMR was higher in males than for fe-
males, irrespective of photoperiod and treatment. If animals used
torpor, then the TMR was independent of other variables. This met-
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abolic characteristic appears to be determined intrinsically rather
than determined by photoperiod and hormonal status. It is as
though the animal “decides” to use torpor, it switches on metabolic
process to this species’ preset torpor regime, which differs between
males and females.

However, the photoperiod and treatment component of the
study indicate that reproductive hormones can affect the torpor
frequency and TBD. Presence of sex hormones shortens torpor
duration and reduces the incidence of torpor use whereas exposure
to long photoperiod shortens TBD. We have reported torpor use by
S. macroura during early pregnancy [21] but not in the later stages
of pregnancy when circulating progesterone levels are known to be
high [53]. Our current data suggest that oestrogen has little effect
on torpor variables in female S. macroura, in contrast to the few
studies on oestrogenic influences on torpor use [29,11]. In other
species oestradiol can partially inhibit torpor use and progesterone
has no effect on other torpor variables [29,11]. The influence of tes-
tosterone on torpor variables is better described, with high circu-
lating testosterone completely abolishing torpor use in several
species of hamster [29,27,11,60] and in pouched mice [57]. The ef-
fect of testosterone on these species is absolute. In contrast, our
study on S. macroura demonstrated that testosterone administra-
tion did not abolish torpor use, but rather affected components
of torpor such as TBD. Ours is the first study to show that testoster-
one administration does not completely abolish torpor use in a
small mammal.

To the best of our knowledge there are no studies examining at
the effects of flutamide on metabolic rate and torpor. In our study,
the outcomes for flutamide treated males reiterate the influences
for testosterone treatment, that is, blocking testosterone had the
reverse effect on torpor variables than did testosterone administra-
tion. Intriguingly, blocking either oestrogen or progesterone did
not affect torpor variables, and, coupled with the incomplete ef-
fects of progesterone administration under LD 10:14, this suggests
that both hormones may be interacting to affect torpor use and
subsequent characteristics.

Photoperiodic effects on torpor use in other species are often
absolute, with the photoperiodic effects on torpor use closely allied
to gonadal involution under short photoperiod and completely ab-
sent during gonadal recrudescence under long photoperiods
[27,60]. The complete inverse relationship seen between gonadal
activity and torpor expression seen in the mostly hamster species
studied suggests that the regulation of this is driven by the obvious
strict seasonality of their natural environment. For S. macroura the
lack of differentiation between a “torpor season” and a “reproduc-
tive season” may be related to their unpredictable environment,
where spring flushes of insects may not occur and then be followed
by hot summers or periods of floods. Their adaptation to unpredict-
ability can be seen in their response to food unpredictability and
food restriction [56] where torpor characteristics are modified to
accommodate unpredictable food availability. Similarly, reproduc-
tion cannot be sacrificed in an unpredictable environment, thus
allowing reproduction to occur while enabling energy conservation
for survival is maintained by this more undifferentiated “reproduc-
tion versus torpor” strategy.

5. Conclusion

The marsupial S. macroura does not have a “torpor season” dis-
tinct from the “reproductive season”, as has been found in some
other species. Moreover the endocrinological control of these phys-
iological seasons by reproductive hormones is also blurred. The
reasons for this may have more to do with the unpredictable envi-
ronment in which they live, allowing them to respond to immedi-

ate food shortages by opportunistic use of torpor, while
maintaining the ability to reproduce in the longer term.

References

[1] J.B. Balbontin, Flutamide as a tool to study the hormonal-regulation of the
reproductive-tract in the Golden-Hamster, Andrologia 26 (1994) 27-32.

[2] B.M. Barnes, M. Kretzmann, P. Licht, I. Zucker, Reproductive development in
hibernating ground squirrels, in: H.C. Heller, XJ. Musacchia, L.C.H. Wang
(Eds.), Living in the Cold, Elsevier, New York, 1986, pp. 245-251.

[3] M. Bayley, M. Junge, E. Baatrup, Exposure of juvenile guppies to three
antiandrogens causes demasculinization and a reduced sperm count in adult
males, Aquatic Toxicology 56 (2002) 227-239.

[4] C. Bellido, D. Gonzales, R. Aguilar, J.E. Sanchez-Criado, Antiprogestins RU486
and ZK299 supppress basal and LHRH-stimulated FSH and LH secretion at the
pituitary level in the rat in an oestrous cycle stage-dependent manner, Journal
of Endocrinology 163 (1999) 79-85.

[5] R. Boonstra, AJ. Bradley, B. Delehanty, Preparing for hibernation in ground
squirrels: adrenal androgen production in summer linked to environmental
severity in winter, Functional Ecology 25 (2011) 1348-1359.

[6] A.C. Buchholz, M. Rafii, P.B. Pencharz, Is resting metabolic rate different
between men and women?, British Journal of Nutrition 86 (2001) 641-646

[7] AJ. Bradley, Failure of glucocorticoid feedback during breeding in the male
Red-tailed Phascogale Phascogale calura (Marsupialia: Dasyuridae), Journal of
Steroid Biochemistry and Molecular Biology 37 (1990) 155-163.

[8] B. Canguilhem, J.-P. Vaultier, P. Pévet, G. Coumaros, M. Masson-Pévet, I. Bentz,
Photoperiodic regulation of body mass, food intake, hibernation, and
reproduction in intact and castrated male European hamsters, Cricetus
cricetus, Journal of Comparative Physiology A 163 (1988) 549-557.

[9] P. Chemineau, B. Malpaux, ].P. Brillard, A. Fostier, Seasonality of reproduction
and production in farm fishes, birds and mammals, Animal 1 (2007) 419-432.

[10] D. Coveney, G. Shaw, .M. Hutson, M.B. Renfree, Effect of an anti-androgen on
testicular descent and inguinal closure in a marsupial, the tammar wallaby
(Macropus eugenii), Reproduction 124 (2002) 865-874.

[11] J.M. Darrow, M.]. Duncan, A. Bartke, A. Bona-Gallo, B.D. Goldman, Influence of
photoperiod and gonadal steroids on hibernation in the European hamster,
Journal of Comparative Physiology A 163 (1988) 339-348.

[12] MJ. Duncan, B.D. Goldman, Hormonal regulation of the annual pelage color
cycle in the Djungarian Hamster, Phodopus sungorus. 1. Role of the gonads and
the pituitary, The Journal of Experimental Zoology 230 (1984) 89-95.

[13] M.. Duncan, B.D. Goldman, Hormonal regulation of the annual pelage color
cycle in the Djungarian Hamster, Phodopus sungorus II. Role of prolactin, The
Journal of Experimental Zoology 230 (1984) 97-103.

[14] M.J. Duncan, B.D. Goldman, M.N. Di Pinto, M.H. Stetson, Testicular function and
pelage color have different critical daydurations in the Djungarian Hamster
Phodopus sungorus sungorus, Endocrinology 116 (1985) 424-430.

[15] T.P. Fletcher, Plasma progesterone and body-weight in the pregnant and non-
pregnant kowari, Dasyuroides byrnei (Marsupialia, Dasyuridae), Reproduction
Fertility and Development 1 (1989) 65-74.

[16] F. Geiser, Metabolic rate and body temperature reduction during hibernation
and daily torpor, Annual Review in Physiology 66 (2004) 239-274.

[17] F. Geiser, R.V. Baudinette, The influence of temperature and photophase on
daily torpor in Sminthopsis macroura (Dasyuridae: Marsupialia), Journal of
Comparative Physiology B 156 (1985) 129-134.

[18] F. Geiser, R.V. Baudinette, Seasonality of torpor and thermoregulation in three
dasyurid marsupials, Journal of Comparative Physiology B 157 (1987) 335-
344.

[19] F. Geiser, P. Masters, Torpor in relation to reproduction in the Mulgara,
Dasycercus cristicauda (Dasyuridae: Marsupialia), Journal of Thermal Biology
19 (1994) 33-40.

[20] F. Geiser, R.S. Seymour, Torpor in a pregnant echidna, Tachyglossus aculeatus,
(Monotremata: Tachyglossidae), Australian Mammalogy 12 (1989) 81-82.

[21] F. Geiser, B.M. McAllan, R.M. Brigham, Daily torpor in a pregnant dunnart
(Sminthopsis macroura Dasyuridae: Marsupialia)) Mammalian Biology 70
(2005) 117-121.

[22] F. Geiser, B.M. McAllan, G.J. Kenagy, S.M. Hiebert, Photoperiod affects daily
torpor and tissue fatty acid composition in deer mice, Naturwissenschaften 94
(2007) 319-325.

[23] R.T. Gemmell, Influence of melatonin on the initiation of the breeding season
of the marsupial bandicoot, Isoodon macrourus, Journal of Reproduction and
Fertility 79 (1987) 261-265.

[24] RT. Gemmell, C. Sernia, The Role of Photoperiod on the Initiation of the
Breeding-Season of the Brushtail Possum (Trichosurus vulpecula), Journal of
Reproduction and Fertility 95 (1992) 701-708.

[25] RT. Gemmell, G. Jenkin, G.D. Thorburn, Plasma concentrations of progesterone
and 13,14-dihyro 15-keto-prostaglandin F-2alpha at parturition in the
bandicoot, Isoodon macrourus, Journal of Reproduction and Fertility 60
(1980) 253-256.

[26] G.K. Godfrey, Reproduction in a laboratory colony of the marsupial mouse
Sminthopsis larapinta (Marsupialia: Dasyuridae), Australian Journal of Zoology
17 (1969) 637-654.

[27] B.D. Goldman, J.M. Darrow, M.J. Duncan, L. Yogev, Photoperiod, reproductive
hormones, and winter torpor in three hamster species, in: H.G. Heller, X]J.
Musacchia, L.CH. Wang (Eds.), Living in the Cold: Physiological and



276 B.M. McAllan et al./General and Comparative Endocrinology 179 (2012) 265-276

Biochemical Adaptations, Elsevier Science Publishing Company, London, pp.
341-350.

[28] B.A. Gower, T.R. Nagy, M.H. Stetson, Effect of photoperiod, testosterone and
estradiol on body mass, bifid claw size and pelage color in collared lemmings
Dicrostonyx groenlandicus, General and Comparative Endocrinology 93 (1994)
459-470.

[29] L. Grinevitch, S.L. Holroyd, R.M.R. Barclay, Sex differences in the use of daily
torpor and forging time by big brown bats (Eptesicus fuscus) during the
reproductive season, Journal of Zoology London 235 (1995) 301-309.

[30] S.M. Hiebert, E.M. Thomas, T.M. Lee, K.M. Pelz, S.M. Yellon, 1. Zucker, Photic
entrainment of circannual rhythms in golden-mantled ground squirrels: role
of the pineal gland, Journal of Biological Rhythms 15 (2000) 126-134.

[31] S.M. Hiebert, S.A. Green, S.M. Yellon, Daily timed melatonin feedings mimic
effects of short days on testis regression and cortisol in circulation in Siberian
hamsters, General and Comparative Endocrinology 146 (2006) 211-216.

[32] L.A. Hinds, Plasma progesterone through pregnancy and the estrous-
cycle in the eastern quoll, Dasyurus viverrinus. General and Comparative
Endocrinology 75 (1989) 110-117.

[33] LA. Hinds, L. Selwood Plasma progesterone concentrations during
pregnancy in the dasyurid marsupial, Antechinus stuartii - relationship with
differentiation of the embryo. Reproduction Fertility and Development 2
(1990) 61-70.

[34] P. Hope, D. Pyle, C. Daniels, I. Chapman, M. Horowitz, J. Morley, P. Travhurn, J.
Kumaratilake, G. Wittert, Identification of brown fat and mechanisms for
energy balance in the marsupial, Sminthopsis crassicaudata, American Journal
of Physiology 273 (1997) R161-R167.

[35] J.W. Hudson, L.M. Scott, Daily torpor in the laboratory mouse Mus musculus var.
albino, Physiological Zoology 52 (1979) 205-218.

[36] LH. Kang, H.S. Kim, J.H. Shin, T.S. Kim, H.J. Moon, LY. Kim, K.S. Choi, K.S. Kil, Y.I.
Park, M.K. Dong, S.Y. Han, Comparison of anti-androgenic activity of flutamide,
vinclozolin, procymidone, linuron, and p,p’-DDE in rodent 10-day Hershberger
assay, Toxicology 199 (2004) 145-159.

[37] T. Karkun, M. Rajalakshmi, M.R.N. Prasad, Maintenance of the epididymis in
the castrated Golden Hamster by testosterone and dihydrotestosterone,
Contraception 9 (1974) 471-485.

[38] P. Kennel, C. Pallen, E. Barale-Thomas, G. Espunia, R. Bars, Tamoxifen: 28-day
oral toxicity study in the rat based on the Enhanced OECD Test guideline 407
to detect endocrine effects, Archives in Toxicology 77 (2003) 487-499.

[39] H.S. Kim, J.H. Shin, H.]. Moon, T.S. Kim, L.H. Kang, J.H. Seok, LY. Kim, K.L. Park,
S.Y. Han, Evaluation of the 20-day pubertal female assay in Sprague-Dawley
rats treated with DES, tamoxifen, testosterone and flutamide, Toxicological
Sciences 67 (2002) 52-62.

[40] G. Kortner, F. Geiser, Effect of photoperiod and ambient temperature on
activity patterns and body weight cycles of mountain pygmy possums,
Burramys parvus (Marsupialia), Journal of Zoology, London 235 (1995) 311-
322.

[41] G. Kortner, C.R. Pavey, F. Geiser, Thermal biology, torpor, and activity in free-
living Mulgaras in arid zone Australia during the winter reproductive season,
Physiological and Biochemical Zoology 81 (2008) 442-451.

[42] S.E. Labyak, T.M. Lee, Estrus- and steroid-induced changes in circadian
rhythms in a diurnal rodent Octodon degus, Physiology and Behavior 58
(1995) 573-585.

[43] R.C. Lasiewski, A.L. Acosta, M.H. Bernstein, Evaporative water loss in birds-I.
Characteristics of the open flow method of determination, and their relation to
estimates of thermoregulatory ability, Comparative Biochemistry and
Physiology 19 (1966) 445-457.

[44] T.M. Lee, K. Pelz, P. Licht, I. Zucker, Testosterone influences hibernation in
golden-mantled ground squirrels, American Journal of Physiology 259 (1990)
R760-R767.

[45] AS.I. Loudon, J.D. Curlewis, Refractoriness to melatonin and short
daydurations in early seasonal quiescence in the Bennett’s wallaby
(Macropus rufogriseus rufogriseus), Journal of Reproduction and Fertility 81
(1987) 543-552.

[46] B.M. McAllan, Effect of Testosterone and Cortisol Administration on the
Reproductive Tract of Male Antechinus stuartii (Marsupialia), Journal of
Reproduction and Fertility 112 (1998) 199-209.

[47] B.M. McAllan, Timing of reproduction in carnivorous marsupials Chapter 10
(Part II), in: Chris Dickman, Mike Archer, Menna Jones (Eds.), Predators with
Pouches: The Biology of Carnivorous Marsupials, CSIRO publishers, 2003, pp.
147-164.

[48] B.M. McAllan., Reproduction in the Prototheria and Metatheria. In: D.O. Norris,
K.H. Lopez, (Eds.), Hormones and Reproduction of Vertebrates, vol. 5, San
Diego, Elsevier, 2011 (Chapter 10).

[49] B.M. McAllan, J.M.P. Joss, B.T. Firth, Phase delay of the natural photoperiod
alters reproductive timing in the marsupial Antechinus stuartii, Journal of
Zoology 225 (1991) 633-646.

[50] B.M. McAllan, W. Westman, ]J.M.P. Joss, The seasonal reproductive cycle of a
marsupial, Antechinus stuartii: effects of oral administration of melatonin,
General and Comparative Endocrinology 128 (2002) 82-90.

[51] B.M. McAllan, F. Geiser, Photoperiod and the timing of reproduction in
Antechinus flavipes (Dasyuridae: Marsupialia), Mammalian Biology 71 (2006)
129-138.

[52] SJ. McConnell, C.H. Tyndale-Biscoe, L.A. Hinds, Change in duration of elevated
concentrations of melatonin is the major factor in photoperiod response of the

tammar, Macropus eugenii, Journal of Reproduction and Fertility 77 (1986)
623-632.

[53] E.M. Menkhorst, L.A. Hinds, L. Selwood, Progesterone concentration in the
marsupial Sminthopsis macroura: relationship with the conceptus, uterine
glandular regeneration and body weight, Reproduction 137 (2009) 107-117.

[54] G. Morrow, S.C. Nicol, Cool sex? Hibernation and reproduction overlap in the
echidna., PLoS One 4 (6) (2009) 1-5.

[55] S.R. Morton, An ecological study of Sminthopsis crassicaudata (Marsupialia:
Dasyuridae) III. Reproduction and life history. Australian, Wildlife Research 5
(1978) 183-211.

[56] AJ. Munn, P. Kern, B.M. McAllan, Coping with chaos: unpredictable food
supplies intensify torpor use in an arid-zone marsupial, the fat-tailed dunnart
(Sminthopsis crassicaudata), Naturwissenschaften 97 (2010) 601-605.

[57] N.  Mzilikazi, B.G. Lovegrove, Reproductive activity influences
thermoregulation and torpor in pouched mice, Saccostomus campestris,
Journal of Comparative Physiology B 172 (2002) 7-16.

[58] RJ. Nelson, C.A. Moffatt, B.D. Goldman, Reproductive and non-reproductive
responsiveness to photoperiod in laboratory rats, Journal of Pineal Research 17
(1994) 123-131.

[59] T. Nishino, H. Yamanouchi, K. Ishibashic, C. Hirtreiter, Y. Nishino,
Antiovulatory effect of a single injection of pure antiestrogen ZK191703 at
early stage of rat estrus cycle, Journal of Steroid Biochemistry and Molecular
Biology 114 (2009) 152-160.

[60] A. Ouarour, R. Kirsch, P. Pévet, Effects of temperature, steroids and castration
on daily torpor in the Djungarian hamster (Phodopus sungorus), Journal of
Comparative Physiology A 168 (1991) 477-481.

[61] M.B. Renfree, D.W. Lincoln, O.X.F. Almeida, R.V. Short, Abolition of seasonal
diapause in a wallaby by pineal denervation, Nature 293 (1981) 138-139.

[62] F. Revel, L. Ansel, P. Klosen, M. Saboureau, P. Pévet, ].D. Mikkelsen, V.
Simonneaux Kisspeptin, A key link to seasonal breeding, Reviews in
Endocrinology and Metabolic Disorders 8 (2007) 57-65.

[63] AF. Richard, M.E. Nicoll, Female social dominance and basal metabolism in a
malagasy primate Propithecus verreauxi, American Journal of Primatology 12
(1987) 309-314.

[64] J.C. Rodger, R.L. Hughes, Studies of the accessory glands of male marsupials,
Australian Journal of Zoology 21 (1973) 303-320.

[65] N.F. Ruby, RJ. Nelson, P. Licht, I. Zucker, Prolactin and testosterone inhibit
torpor in Siberian hamsters, American Journal of Physiology 264 (1993) R123-
R128.

[66] F. Scherbarth, S. Steinlechner, Endocrine mechanisms of seasonal adaptation
inn small mammals: from early results to present understanding, Journal of
Comparative Physiology B 180 (2010) 935-952.

[67] L. Selwood, L.S. Cui, Establishing long-term colonies of marsupials to provide
models for studying developmental mechanisms and their application to
fertility control, Australian Journal of Zoology 54 (2006) 197-209.

[68] M.J. Smith, J.H. Bennett, C.M. Chesson, Photoperiod and some other factors
affecting reproduction in female Sminthopsis crassicaudata (Gould)
(Marsupialia: Dasyuridae) in Captivity, Australian Journal of Zoology 20
(1978) 448-463.

[69] C. Stawski, Torpor during the reproductive season in a free-ranging subtropical
bat Nyctophilus bifax, Journal of Thermal Biology 35 (2010) 245-249.

[70] S. Steinlechner, P. Niklowitz, Impact of photoperiod and melatonin on
reproduction in small mammals, Animal Reproduction Science 30 (1992) 1-
28.

[71] P.J. Stephenson, ].R. Speakma, P.A. Racey, Field metabolic rate in two species of
shrew-tenrec, Microgale dobsoni and M. talazaci. Comparative and Biochemical,
Physiology 107 (1994) 283-287.

[72] C. Suganuma, T. Kuroiwa, T. Tanaka, H. Kamomae, Changes in the ovarian
dynamics and endocrine profiles in goats treated with a progesterone
antagonist during the early luteal phase of the estrous cycle, Animal
Reproduction Science 101 (2007) 285-294.

[73] T. Tamura, R. Yokoi, Y. Okuhara, C. Harada, Y. Terashima, Y. Harashi, T.
Nagasawa, T. Onozato, K. Kobayashi, J. Kuroda, H. Kusami, Collaborative work
on the evaluation of ovarian toxicity 2 Two- or four-week repeated-dose
studies and fertility studies with mifepristone in female rats, Journal of
Toxicological Sciences 34 (2009) SP31-SP42.

[74] S. Tsujioka, Y. Ban, D. Wise, T. Tsuchiya, T. Sato, K. Matsue, T. Ikeda, M. Sasaki,
M. Nishekibe, Collaborative work on the evaluation of ovarian toxicity 3 Effects
of 2- or 4-week repeated-dose toxicity and fertility studies with tamoxifen in
female rats, Journal of Toxicological Sciences 34 (2009) SP43-SP51.

[75] C.H. Tyndale-Biscoe, M.B. Renfree, Reproductive Physiology of Marsupials,
Cambridge University Press, Sydney, 1987.

[76] T.T.B. Vo, E.-M. Jung, V.H. Dang, K. Jung, ]J. Baek, K.-C. Choi, E.-B. Jueng,
Differential effects of flutamide and Di-(2-ethylhexyl) phthalate on the male
reproductive organs in a rat model, Journal of Reproduction and Development
55 (2009) 400-411.

[77] P.C. Withers, Measurement of VO, and VCO, and evaporative water loss
with a flow-through mask, Journal of Applied Physiology 42 (1977) 120-
123.

[78] P.A. Woolley, Reproduction in Sminthopsis macroura (Marsupialia: Dasyuridae)
Il The Male, Australian Journal of Zoology 38 (1990) 187-205.

[79] P.A. Woolley, Reproduction in Sminthopsis macroura (Marsupialia: Dasyuridae)
I. The Female, Australian Journal of Zoology 38 (1990) 187-205.



