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Summary. During the light phase of each of 3 photoperiods tested, plasma melatonin
concentrations were < 16 to 62 pg/ml and during the dark phase they were 31 to 169
pg/ml. When the photoperiod to which the tammars were exposed was altered from 15 h
light : 9 h dark to 12L :12D the onset of the nocturnal rise in melatonin was advanced
from the first day, thereby extending its duration, and the females gave birth 32 \m=+-\0\m=.\4
(mean \m=+-\s.e.m.) days later. To test whether melatonin mediated this effect of photo-
period change, tammars in a second group were injected s.c. with melatonin (400 ng/kg,
N = 6) or the arachis oil vehicle (N = 6), 2\m=.\5to 2\m=.\25h before dark during 15L :9D for
15 days before exposure to 12\m=.\5L:11\m=.\5D.The melatonin injections mimicked the
endogenous melatonin profile of 12L:12D and the melatonin-injected tammars gave
birth 32 \m=+-\0\m=.\8days after the start of injections, which was the same as the interval from
photoperiod change in Exp. 1 but was significantly different (P < 0\m=.\005)from the
interval in the control group (46\m=.\0 \m=+-\1\m=.\1days). These results show that exogenous
melatonin given 2\m=.\5to 2\m=.\25h in advance of the endogenous rise fully mimics the
response of the tammar to photoperiod change.

Introduction

In a variety of eutherian mammals the pineal gland has been shown to be involved in the response
to annual changes in photoperiod that control seasonal reproduction (Reiter, 1974; Lincoln,
Almeida, Klandorf & Cunningham, 1982). A characteristic feature of pineal physiology is a

circadian pattern in the secretion of melatonin, with highest levels during the dark phase, and it
appears to be a component of this pattern that provides the photoperiodic time measurement for
reproductive responses (Lincoln, 1983). In sheep the duration of the nocturnal rise of circulating
melatonin corresponds closely to the duration of the dark phase (Kennaway, Sanford, Godfrey &
Friesen, 1983) and oral administration of melatonin to ewes under long daylength, which mimics
the duration of the nocturnal profile of short daylength, can induce cyclic ovarian activity within 65
days (Kennaway, Gilmore & Seamark, 1982). In pinealectomized Djungarian hamsters, daily
melatonin infusions of 12 h duration induced testicular regression within 12 days (Carter &
Goldman, 1983); however, as serial blood samples were not taken the melatonin profiles resulting
from the infusions are not known.

Manipulation of photoperiod has been shown to influence reproduction in at least three species
of marsupial (see Tyndale-Biscoe, 1980) and the pineal has been implicated in one of these, the
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tammar (Macropus eugenii) (Renfree, Lincoln, Almeida & Short, 1981). The tammar may prove to
be a particularly suitable species in which to examine pineal function in reproduction as it responds
within 6 days to photoperiod change (Sadleir & Tyndale-Biscoe, 1977; Hinds & den Ottolander,
1983) and because of its size (4-5 kg) frequent serial blood samples can be taken without undue
effect on the animal.

The tammar is a strict seasonal breeder in which 80% of the females give birth in late January or

early February in southern Australia (Andrewartha & Barker, 1969). Birth is followed within 1 day
by post-partum oestrus and ovulation and the resultant corpus luteum (CL) remains quiescent
during lactation. If conception occurs the embryo develops to a unilaminar blastocyst and remains
in diapause while the CL is quiescent (Renfree, 1981). Before the winter solstice in June, while the
females experience decreasing daylength, both the CL and the blastocyst will resume development
if lactation is terminated by removing the pouch young and birth will occur 26-27 days later
(Merchant, 1979). However, after the winter solstice removal of the pouch young does not initiate
development and the embryo remains in diapause throughout the period of increasing daylength
(Renfree, 1981). This is termed seasonal quiescence and it terminates naturally after the summer

solstice. Exposure to photoperiod equivalent to summer daylength (15 h light:9 h dark)per se did
not induce reactivation but a decrease from 15L : 9D to 12L : 12D did and births occurred 33-7 ± 2-5
days later (mean ± s.d.) (Sadleir & Tyndale-Biscoe, 1977). This is 6-7 days longer than the interval
after removing the pouch young during decreasing daylength and has been shown to be due to a

delay in the response of the CL (Hinds & den Ottolander, 1983). Denervation of the pineal gland
before the winter solstice abolished the nocturnal elevation of plasma melatonin and the
subsequent seasonal diapause (Renfree et ai, 1981). When the pouch young of these animals were

removed during the period of increasing daylength births occurred 27-28 days later, as would occur

in intact females experiencing natural decreasing daylength. These results implicate the pineal in
the sensitivity of tammars to photoperiod change, which may be effected by changes in plasma
melatonin concentrations.

The aims of the present study were to determine whether exposure of tammars to a

photoregimen known to induce reactivation of the CL and blastocyst would alter the circadian
melatonin profile and, if so, whether exogenous melatonin treatment that mimicked these
endogenous changes would also induce reactivation.

Materials and Methods

Animals

Adult female tammars without pouch young were taken from the breeding colony at the
Division of Wildlife and Rangelands Research, Canberra, in July, when they could be expected to
be in seasonal quiescence, and were maintained on a diet of pelletted lucerne chaff and oats and
water ad libitum.

Experiment 1. Four females were housed in separate cages (90  73  111 -5 cm) in a controlled
temperature (24°C) and photoperiod room. Illumination was provided by four Osram 'Daylight'
fluorescent tubes, which provided up to 4325 cd m-2 in the cages. A 15-W red pilot lamp provided
low illumination during the dark periods. The tammars were exposed to a photoregimen of 10 h
light : 14 h dark (10L : 14D) for 14 days, 15L :9D for 40 days, then 12L : 12D for 15 days (Text-fig.
la). Lights went on at 07:00 h each day. The first day of 12L:12D was designated Day 0. Blood
samples were taken at intervals of 2-4 h on one day of each of the first two photoperiods and on

Days 0 and 5. Additional samples were also taken on Days 0-5 at 18:00, 19:00, 20:00, 21:00 and
22:00 h to cover the extended dark phase. On Day 15, when the blastocysts could be expected to
have been reactivated, the tammars were transferred to an outside pen at ambient photoperiod of
12-5L : 11-5D and were run with sexually mature males to detect post-partum oestrus. Daily checks
for birth and copulatory plugs, indicative of oestrus, began on Day 27. On Day 46 the new young
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Text-fig. 1. The design and results of Exps 1 and 2. In Exp. 1(a) the tammars were exposed to
10L : 14D, then 15L :9D and finally, to induce reactivation, 12L : 12D. Births occurred (V) 31-
33 days later. After removal of these pouch young (RPY) births occurred at the normal time
after the summer solstice (see (b)). Blood samples were taken each 1-4 h on the days indicated
by O to determine the circadian profile of melatonin. In Exp. 2(b) 12 tammars were subjected
to a similar photoregimen except that they were maintained in 15L:9D for an additional 15
days during which time they received a daily injection of melatonin or placebo (j,) 2-5-2-25 h
before lights off. Births and post-partum oestrus of melatonin-treated tammars ( ) and
placebo-treated controls ( ) are indicated.

were removed from the pouches and the females were checked twice-weekly from Day 76 for
further new pouch young.

Experiment 2. A group of 12 females was exposed to a photoregimen similar to that in Exp. 1
except that the photoperiod from Days 0 to 14 was maintained at 15L:9D and then the animals
were returned to outside pens with males at ambient photoperiod of 12-5L : 11-5D, an extension of
the dark phase of 2-5 h (Text-fig. lb). On Day 0 the tammars were randomly assigned to two groups
and from Days 0 to 14, 6 received a daily subcutaneous injection of melatonin (Sigma Chemical
Co., St Louis, MO, U.S.A.) in arachis oil (400 ng/kg body weight) and 6 received a daily injection of
arachis oil alone. The tammars were injected each day between 19:30 and 19:45 h, which was 2-5-
2-25 h before lights off. From Day 27, 2 days before the first births could be expected, all the
animals were checked daily until birth and/or oestrus was detected.

Blood sampling. At the start of each period of blood sampling a 20-gauge indwelling catheter
(Surflo : Termo Corpn, Tokyo, Japan) was placed in a lateral tail vein and sequential samples of 5
ml blood were withdrawn into sterile heparinized syringes. After separation of the plasma the blood
cells were suspended in sterile buffered sodium citrate and returned after the subsequent bleed to
maintain normal haematocrit. The catheter was flushed with 0-2 ml heparinized saline (250
i.u./ml). Plasma samples were stored at

—

15°C until assayed for melatonin.

Melatonin assay
Melatonin was measured by the radioimmunoassay of Kennaway et ai (1982), which was

validated in this study for the tammar. The antiserum to melatonin (G280), kindly provided by Dr
D. J. Kennaway, Department of Obstetrics and Gynaecology, University of Adelaide, was raised
in a goat against a melatonin-bovine  -globulin conjugate. Cross-reactivities at the 50%
displacement level were reported by the supplier to be : 6-hydroxymelatonin (0-02%), 6-sulphatoxy-
melatonin (0-3%), 7v*-acetyl-serotonin (0-3%), N-acetyl-tryptamine (0-4%), 5-methoxytryptamine
(0-01%), 5-methoxytryptophol (0-01%), serotonin (0-10%) and O-acetyl-5-methoxy-tryptophol
(006%) (Kennaway et ai, 1982).
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Procedure. Potassium tetraborate buffer (1 ml, 0-5 M, pH 9-6) was added to 1 ml plasma sample
(in duplicate) and lipid was extracted with petroleum spirit (b.p. 60-80°C). The melatonin was then
extracted with 6 ml dichloromethane-hexane (1:1 v/v). A melatonin standard curve in the range of
0-1000 pg (in BSA-BGG-P04 buffer) was treated identically.

At a final dilution of 1:41 200 the antibody bound 40-6 ± 3-5% (mean ± s.d.) of the
[3H]melatonin (sp. act. 31 Ci/mmol: New England Nuclear Corp., Boston, MA, U.S.A.).
Sensitivity of the assay (lowest standard being displaced more than two standard deviations from
the zero standard) was 20-5 ± 9-0 pg/tube (n = 16). Blank values (ligand-free plasma and solvent)
were less than the assay sensitivity and were not corrected for. The intra- and interassay coefficients
of variation were determined from a common plasma pool (~240 pg/ml). The interassay
coefficient of variation was 16-7%, measured in duplicate samples in 15 assays, and the intra-assay
coefficient of variation was 4-5-10-5% determined from 8 replicates in 4 assays.

Parallelism of dose-response curves. Two series of melatonin standards (15-6-1000 pg/tube) in
triplicate were set up in assay buffer or in plasma from a pinealectomized tammar. A tammar
pineal gland was homogenized in assay buffer and, after centrifugation, triplicate aliquants (10-
500 µ ) of the supernatant were taken. These and triplicate aliquants (200-1000 µ ) of charcoal-
stripped tammar plasma, and of plasma collected in the dark phase from an intact tammar, were all
extracted and assayed as previously described. The displacement curves obtained from the normal
plasma, plasma with standards, and pineal extract, were parallel to the buffer standard dis¬
placement curve, indicating that factors in tammar plasma and pineal tissue did not interfere in the
assay, and that the endogenous hormone behaved similarly to the standard hormone (Text-fig. 2).

10
Volume (µ /tube)

30 50 100 200 400 800 1000

\,
20L

15-6 31-3 62-5 125 250 500 1000
Melatonin standard (pg/tube)

Text-fig. 2. Dose-response curves for melatonin standard added to assay buffer (#),
pinealectomized tammar plasma (O) and for different dilutions of a tammar pineal
homogenate (±), plasma taken from an intact tammar in the dark phase ( ), and charcoal-
stripped tammar plasma (Q). B, amount of [3H]melatonin bound in the presence of unlabelled
exogenous or endogenous hormone; B0, amount of [3H]melatonin bound in the absence of
unlabelled hormone.
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Recovery ofexogenous melatonin. The efficiency of extraction of melatonin was determined by
the addition of [3 H]melatonin to 1 ml aliquants of tammar plasma or buffer containing 0,31, 125 or

500 pg unlabelled melatonin. Recovery was 81-42 ± 3-16% (plasma, mean ± s.e.m.) and 80-67 ±
1-84% (buffer, mean ± s.e.m.).

A further series of melatonin standards (50-1000 pg) was added to 1 ml aliquants of a charcoal-
stripped tammar plasma pool and extracted and assayed as described. The melatonin
concentration of each sample was determined by reference to a similarly treated standard curve in
buffer. The amount of melatonin added to charcoal-stripped tammar plasma was similar to that
measured after assay, within this range. The regression equation for melatonin added (x) plotted
against melatonin measured (y) was y = 0-975* + 4-923, with a correlation coefficient = 0-999.
These results show that the assay measured the melatonin concentration in tammar plasma
accurately and also indicated a lack of interference in the assay from non-hormonal constituents of
tammar plasma.

To determine the recovery of exogenous melatonin in vivo, one female tammar in 15L : 9D was

injected subcutaneously with a solution of melatonin in arachis oil at doses of 1 µg/kg body weight
and 400 ng/kg body weight, given 1 week apart. Blood samples were taken at frequent intervals
before and after injection, during the light phase. Subsequently, the same animal was sampled at
intervals of 0-5-2 h, from 2-6 h before lights off until 1 h after lights on, on 2 successive days. On the
2nd day the 400 ng/kg dose of melatonin was injected 2-5 h before lights off. Melatonin was assayed
in all these samples.

Results

Experiment 1

All 4 tammars gave birth and came into oestrus 32 ± 0-4 days after the photoperiod change
from 15L:9D to 12L:12D (Table 1; Text-fig. la). This interval is 6 days longer than that after
removing the pouch young during decreasing daylength (26-2 ± 0-67 days; Merchant, 1979). After
removal of the pouch young on Day 46 (4 November), birth and/or oestrus were not detected until
the start of the new breeding season in January-March (Text-fig. 1).

Table 1. Intervals to birth and oestrus in tammars subjected to decreased photoperiod (Exp. 1), or to
pretreatment with single daily injections of melatonin or the vehicle 2-5 to 2-25 h before lights off for 15

days before decreased photoperiod (Exp. 2)

Pretreatment

Interval (days) from Interval (days) from
photoperiod change to : start of pretreatment to :

Exp. (Days 0-14) Birth Oestrus Birth Oestrus

1
—

a320±0-4 (4) b320±0-4 (4)
2 Arachis oil a31-0±l-l(5) "32-2 ±0-8 (6) 46-0 ± 1-1 (5) 47-2 ±0-8 (6)
2 Melatonin in oil 170±0-8 (5) 18-8 ± 1-5 (6) a320 ±0-8 (5) b33-8 ± 1-3 (6)

Values are mean ± s.e.m. for the no. of tammars in parentheses.
Within columns, means with same superscripts are not significantly different ( >0 5, Student's t test).

Melatonin concentrations in peripheral plasma. Under all three photoperiods melatonin was

elevated during the dark phase (Text-fig. 3). An analysis of variance revealed that the melatonin
profile of the first and second photoperiods (Text-fig. 3a, b) and of Day 0 and Day 5 (Text-fig. 3c)
were significantly different from each other (VR 83-318, d.f. 3,  < 0-001). After the change from
10L : 14D (Text-fig. 3a) to 15L :9D (Text-fig. 3b) the duration of the nocturnal elevation decreased
and the levels at 04:00 and 06:00 h increased significantly (P < 0-05 ; Least Significant Difference
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Text-fig. 3. Plasma melatonin concentrations (mean ± s.e.m.) in tammars exposed to
photoperiods of (a) 1OL : 14D, (b) 15L : 9D, (c) 12L : 12D and (d) two successive profiles from a
tammar on 15L:9D, the first without (#) and the second (O) after a s.c. injection of melatonin
(Î) 2-25 h before dark. The stippled bars indicate the dark phase of each photoperiod. Asterisks
denote a significant difference (P < 0-05) from the corresponding time of the previous
photoperiod, i.e. values marked with asterisk in (b) are different from those in (a) and those in
(c) are different from those in (b). Note that the duration ofelevated melatonin is similar to that
of the profile on Day 5 of 12L:12D (c).

method, Bliss, 1967). Conversely, after the change from 15L :9D (Text-fig. 3b) to 12L : 12D (Text-
fig. 3c) the duration ofthe nocturnal elevation increased. This was seen on the first occasion (Day 0)
on which the time of lights off was advanced by 3 h, and by Day 5 there was a further increase.
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Since there was no change in the time of the decline of melatonin at lights on, the observed increase
in duration by Day 5 was due to a progressive daily shift in the onset of the nocturnal rise (Text-fig.
4). Although it appears that the amplitude as well as the duration of the nocturnal elevation
increased from 15L:9D to 12L:12D, the statistical analyses (L.S.D.; Bliss, 1967) showed that only
the levels at 21:00 and 22:00 h were significantly different (P < 0-05) (Text-fig. 3c).

The assay was able to measure exogenously administered melatonin, and the profiles for the
female injected with melatonin are shown in Text-fig. 5. At the higher dose the peak concentrations
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Text-fig. 4. Plasma melatonin concentrations (mean) of 4 tammars at the onset of the dark
phase under 15L : 9D (Day

—

4) and then 12L : 12D (Days 0 to 5) to show the progressive daily
shift in the onset of the nocturnal rise from Day 0 to Day 5. Mean values shown, error bars
omitted for clarity. Stippled bars indicate the dark phase of each photoperiod.
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Text-fig. 5. Plasma melatonin concentrations in a tammar after a subcutaneous injection (Î) of
melatonin, during the light phase of 15L :9D, of 1 µg/kg ( ) or 400 ng/kg body weight (O)·
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exceeded the nocturnal levels observed in Exp. 1. However, the lower dose of 400 ng/kg resulted in
peak concentrations similar to those of Day 5 in Exp. 1, and after 3 h these had returned to basal
levels. In another trial this lower dose injected 2-5 h before lights off during 15L:9D effectively
mimicked the duration of the nocturnal melatonin elevation seen on Day 5 of Exp. 1 (Text-fig. 3d).

Experiment 2

Of the 6 tammars in the control group 5 gave birth 46-0 ±1-1 days after the start of injections,
and all 6 came into oestrus 1 day later (Table 1 ; Text-fig. lb). However, in the melatonin-treated
group, 5 of the 6 tammars gave birth 32 ± 0-8 days after the start of treatment and all 6 came into
oestrus on the subsequent day (Table 1 ; Text-fig. lb). These intervals from the start of injections
were significantly different between the two groups (P < 0-005, Student's t test). Nevertheless, the
interval from transfer to outside pens on Day 15 to birth in the control group was not significantly
different from the interval after the decrease in daylength in Exp. 1, and neither of these intervals
was significantly different from the start of melatonin injection to birth or oestrus in Exp. 2
(P > 0-05, Table 1).

Discussion

In this study we have shown that the radioimmunoassay developed by Kennaway et al. (1982) for
the sheep will measure melatonin in the pineal and plasma of the tammar and have provided
validation for its use in this species.

Plasma melatonin concentrations in the tammar were highest during the dark phase of the daily
light/dark cycle, and the levels measured during both the light phase (< 16-62 pg/ml, range of
means) and the dark phase (31-169 pg/ml) are similar to those reported previously for the tammar

(Renfree et ai, 1981), and for the lizard, chicken, rat, pig, sheep, donkey, cow, camel and human
(Kennaway, Frith, Phillipou, Matthews & Seamark, 1977) and horse (Kilmer et ai, 1982). The
nocturnal elevation is of pineal origin in the tammar because it is abolished by superior cervical
ganglionectomy (Renfree et ai, 1981; McConnell, 1984) and pinealectomy (McConnell, 1984).

In Exp. 1 the duration of the nocturnal melatonin elevation corresponded to the duration of the
dark phase of each photoperiod, and so decreased after the change from 10L : 14D to 15L :9D, and
increased again after exposure to 12L:12D. This suggested to us that these changes in the
melatonin profile are important for the response of tammars to photoperiod, as has been shown for
the ewe (Kennaway et ai, 1982; Arendt, Symons, Laud & Pryde, 1983; Bittman & Karsch, 1984).
The results of Exp. 2 supported this, since extending the duration of the nocturnal elevation by
injection of melatonin fully mimicked the response observed after photoperiod change from
15L:9D to 12L:12D.

Two models have been proposed to account for the role of melatonin in photoperiodic time
measurement (see Lincoln, 1983), which are the duration of elevated melatonin and the time of day
of exposure to elevated melatonin. However, neither model is fully satisfactory because none of the
tammars showed blastocyst reactivation during the initial period of 10L : 14D when they were also
exposed to elevated melatonin at the critical time, but all responded to the similar profile of
12L : 12D after they had experienced 15L : 9D. Although the present results cannot discriminate be¬
tween the two models they suggest that it was the shift in the onset of the nocturnal rise of melatonin
relative to the previously experienced profile that was the stimulatory signal for the animals.

The intervals from photoperiod change or melatonin treatment to birth or oestrus in the present
experiments were the same as those reported by Sadleir & Tyndale-Biscoe (1977) and Hinds & den
Ottolander (1983). In the three studies the interval is about 6 days longer than the interval of 26-28
days observed after removing the pouch young during decreasing daylength (Merchant, 1979),
artificial short daylength of 9L:15D (Hinds & den Ottolander, 1983) or treatment with
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bromocriptine (Tyndale-Biscoe & Hinds, 1984). The onset of reactivation after hypophysectomy is
equally rapid (Hinds, 1983) and it is suggested that in all these conditions a pituitary inhibition of
the corpus luteum has been removed (Tyndale-Biscoe & Hinds, 1981). Hinds & den Ottolander
(1983) showed that the longer interval after photoperiod change was associated with a delay of 6
days in the response of the corpus luteum and the results of Exp. 1 suggested that this interval was

required for melatonin fully to assume the nocturnal profile appropriate to the longer dark phase of
12L : 12D. If this was so, treatment with exogenous melatonin that mimicked the 12L : 12D profile
should have resulted in birth/oestrus 26-28 days later. Experiment 2 was designed to test this
hypothesis and, although the exogenous melatonin mimicked the Day 5 profile from the first day of
treatment and blastocyst reactivation occurred in all the tammars, the interval was not reduced.
This showed that melatonin is involved in the reproductive response of the tammar to photoperiod
change and that the 6-day delay may be due to a delay in the response of the target tissue to
melatonin. Since the response to hypophysectomy during increasing daylength is as rapid as during
decreasing daylength, we conclude that the differences observed in the intervals to birth are not due
to changes at the pituitary level and so may occur in the hypothalamic centre regulating pituitary
secretion, and that this may be the target for melatonin. We therefore conclude that there is a basic
pituitary inhibition of the corpus luteum, which when removed results in a 26-28-day interval to
birth, and another ancillary photoperiod influence superimposed on it, from which the tammar
takes an additional 6 days to recover. This latter influence involves the pineal gland through its
circadian secretion of melatonin.

The rapid reproductive response of the tammar to melatonin and the identification of a precise
period when it is effective makes the tammar a favourable species in which to examine further the
role of the pineal in the central control of reproduction.
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sampling the tammars, Ms S. Carpenter for the statistical analyses and Dr D. J. Kennaway for the
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