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Abstract

Endogenous circadian rhythms in body temperature and locomotor activity rhythms are suppressed in Sprague–Dawley rats exposed to
prolonged continuous light, possibly as a result of a profound alteration of the melatonin secretion rhythm. The ability to restore circadian

Ž w Ž . xsystem function with either exogenous melatonin, or melatonin receptor agonist S20242 N- 2- 7-methoxy napth-1-yl ethyl propi-
. Ž . Ž .onamide , or 5-HT receptor agonist, 8-hydroxy-2- di-n-propylamino tetralin 8-OH-DPAT , was investigated under these conditions.1A

Ž y1.Seven rats received a daily 6-h intravenous infusion of melatonin 0.01 mg kg for 10 days, which generates a nearly physiological
circadian rhythm of urinary 6-sulfatoxy-melatonin, the main urinary metabolite of melatonin. Nevertheless, there was no effect on body

Ž y1 y1. Žtemperature or locomotor activity rhythms. Then, 49 rats received daily subcutaneous melatonin 0.01, 1 or 5 mg kg day , S20242 1
y1 y1. Ž y1 y1.or 5 mg kg day or 8-OH-DPAT 5 mg kg day for 30 days. The circadian rhythm in body temperature was restored by

subcutaneous melatonin or by S20242 as a function of the dose or by 8-OH-DPAT. The effect started within the first 10 days of treatment
and persisted for 1 to 3 weeks following the end of treatment in 8 of 10 rats receiving melatonin, in 9 of 11 rats treated with S20242 and
in 1 of 4 rats treated with 8-OH-DPAT. Activity was less susceptible to entrainment than temperature with these drugs, since circadian
rhythmicity was restored in only 2 of 6 rats treated with melatonin and in 1 of 4 rats treated with 8-OH-DPAT. These data demonstrate a
specific action of subcutaneous melatonin, S20242 or 8-OH-DPAT on temperature rather than on activity rhythms. This differential effect
on two major outputs of the suprachiasmatic nucleus further supports the existence of two independent oscillators in this hypothalamic
circadian clock, which may be considered as separate pharmacological targets in the circadian system. q 1998 Elsevier Science B.V.
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Desynchronization

1. Introduction

The rhythmicity of biological functions along the 24-h
time scale is a feature of normal physiology in mammals.
These rhythms are endogenous and coordinated by the

Žsuprachiasmatic nucleus, a hypothalamic clock reviewed
.in Klein et al., 1991 . The regular alternation of light and

darkness over 24 h sets the circadian period to precisely 24
h as a result of known effects exerted on the suprachias-

Žmatic nucleus by light Illnerova and Vanecek, 1979; Klein
.et al., 1991 and by melatonin, a hormone mostly secreted

Žby the pineal gland during darkness Lewy et al., 1980;
Vanecek et al., 1987; Weaver et al., 1989; Dubocovich et

) Corresponding author. Tel.: q33-1-4559-3855; fax: q33-1-4559-
3602.

al., 1995; Shibata et al., 1989; MacArthur et al., 1991;
.Starkey et al., 1995; Cassone et al., 1988 .

Exposing Sprague–Dawley rats to constant darkness for
up to 3 months only marginally alters the circadian rhythms
of body temperature and locomotor activity, two output
rhythms of suprachiasmatic nucleus function. Exposure of
these animals to continuous light, however, abolishes the
circadian rhythm of activity within 4 weeks and that in
body temperature within 8 weeks. We hypothetized that
continuous light uncouples some of the oscillators which
compose the circadian system. Both activity and tempera-
ture rhythms were restored within one week of continuous

Ždarkness, which suggested a role for melatonin Depres-´
.Brummer et al., 1995, 1997 . Thus, continuous exposure to

light decreased mean plasma melatonin concentration 6-
fold and damped but did not abolish its circadian rhythm.
Restoration of temperature and activity circadian rhythms
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by exposure to continuous darkness was associated with
Žrecovery of a ‘normal’ melatonin rhythm Depres-Brummer´

.et al., 1995 .
Daily exogenous melatonin was able to synchronize to

precisely 24 h the period of free-running circadian locomo-
tor activity rhythm of rats kept in continuous darkness
Ž .Redman and Armstrong, 1983 . This effect depended
upon both melatonin dose and suprachiasmatic nucleus

Ž .integrity Cassone et al., 1986 . This synchronizing effect
of melatonin treatment was controversial in animals with

Ždisrupted activity circadian rhythm Chesworth et al., 1987;
Cheung and McCormack, 1982; Thomas and Armstrong,
1988; Phillips and Berger, 1992; Hyde and Underwood,

.1995 . Together, these data suggested that to obtain a
pharmacologic effect of melatonin on the circadian system
might require an intermittent delivery schedule. If mela-
tonin rhythmicity is an internal synchronizer as suggested

Ž .earlier Armstrong, 1989 , a threshold mean level or ampli-
tude could be necessary for expression of such a property.
Therefore, we first studied the effect of an intermittent
intravenous delivery schedule on the suppressed tempera-
ture and activity rhythms of rats kept in prolonged continu-
ous light. The melatonin schedule that was used almost
reproduced the physiological rhythm of the urinary excre-
tion of 6-sulfatoxy melatonin, the major metabolite of

Ž .melatonin, in this model Depres-Brummer et al., 1996 .´
Since the synchronizing effect of melatonin had usually
been obtained in rats kept in constant darkness with subcu-
taneous administration, we also tested three dose levels
with this route of injection.

As the sensitivity of the suprachiasmatic nucleus to
Žmelatonin can be altered by continuous light exposure Yu

.et al., 1993 , we also examined the effects of a new
Ž .melatonin receptor agonist S20242 . This substance has

higher affinity than melatonin for melatonin receptors, and
could therefore be more effective than the natural hormone

Ž .in the continuous light rat model Depreux et al., 1994 .
This drug, like melatonin, synchronized the activity rhythm
of rats kept in continuous darkness and increased the

Žamplitude of the temperature rhythm of aged rats Koster-
.Van Hoffen et al., 1993 .

On the other hand, suprachiasmatic nucleus function
Ž .can be influenced in vitro by serotonin 5-HT or 5-HT

Žreceptor agonists Mason, 1986; Meijer and Groos, 1988;
.Shibata et al., 1992; Tominaga et al., 1992b . In vivo, the

circadian activity rhythm of hamsters kept in constant
darkness or in constant light can be phase-advanced by

Ž5-HT receptor agonist, 8-hydroxy-2- di-n-propyl-1A
. Ž .Žamino tetralin 8-OH-DPAT Tominaga et al., 1992a;

Edgar et al., 1993;Prosser et al., 1993; Cutrera et al.,
.1994 .

Thus, we examined whether in vivo administration of
melatonin, S20242 or 8-OH-DPAT could mimic the syn-
chronizing effects of constant darkness in rats previously
exposed to continuous light for a minimum of two months.
This latter model may be useful for devising pharmaco-

logical treatments against circadian system alterations such
as those encountered in depressive or malignant diseases.

2. Materials and methods

2.1. Chemicals

ŽMelatonin was purchased from Sigma St. Quentin
.Fallavier, France . S20242, a melatonin receptor agonist

Ž w Ž . x .N- 2- 7-methoxy napth-1-yl ethyl propionamide was
Ž .kindly provided by I.R.I.S. Servier, Courbevoie, France .

Ž8-OH-DPAT was purchased from R.B.I., Bioblock Il-
.lkirch, France .

2.2. Animals and housing

ŽMale Sprague–Dawley rats Iffa-Credo, St. Germain-
.sur-L’Arbresle, France , 3-month-old on arrival at the lab-

oratory and weighing 350"25 g, were housed in individ-
ual polystyrene cages in a light-tight and temperature-con-

Ž .trolled room 23"18C . Lighting was provided by four
40-W white fluorescent tubes. Mean lighting intensity was

Ž .300 lx at cage level range 200–1000 . Food and water
were available ad libitum and cages were changed once a
week on an irregular schedule.

Intraperitoneal temperature and locomotor activity were
monitored every 10 min using an intraperitoneal tempera-

Žture and activity sensor TA1OTA-F40, Datasciences, St.
.Paul, MN, USA . This sensor was placed in the abdominal

cavity under ether anaesthesia 1 to 14 weeks prior to the
experiment.

Five days before intravenous melatonin administration
Ž .experiment 1 , the jugular vein was cannulated with a

Ž .silastic catheter Vermed, Neuilly-en-Thelle, France under
Ž y1 .anaesthesia with sodium thiopental 50 mg kg , i.p. . The

catheter was pulled subcutaneously through a slit in the
skin on top of the skull, where it was fixed with screws

Ž .and dental cement Nicolaıdis et al., 1974 . The catheter¨
was filled with 0.1 ml viscous polyvinyl pyrrolidone solu-

Ž .tion 40% until use.

2.3. Experimental designs

2.3.1. Experiment 1
Seven rats were exposed to continuous light for a

Ž .median of 16 weeks range 14–21 . The rats received
Žmelatonin for 10 days then the control solution 0.25%

.ethanol–NaCl 0.9% for another 10 days or the reverse
sequence, according to a randomized crossover design.
Four rats started with melatonin, three rats started with
control solution. Melatonin or control solution was infused
for 6 h from 2200 to 0400 and followed by NaCl 0.9%
infusion for 18 h from 0400 to 2200. The melatonin dose
was 0.01 mg kgy1 dayy1 and the total daily infusion
volume was 10 ml. This melatonin delivery scheme and
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Table 1
Ž .Mean period and amplitude of body temperature and locomotor activity rhythms in 56 rats kept in continuous light LL

Ž .Result of LL exposure Variable No. of rats Period h"min Amplitude

Suppressed rhythms Temperature 42 5.4"6 0.16"0.018C
Activity 49 5.3"3 43"1%

Persistent circadian rhythms Temperature 14 25.6"6 0.27"0.018C
Activity 7 25.2"24 45"3%

Number of rats with suppressed or persistent circadian rhythms for each variable, as indicated by spectral analysis of the 21-day time series preceding start
of treatment.

dose level had been previously administered to rats ex-
posed to continuous light and had produced a near normal
circadian rhythm for urinary 6-sulfatoxy-melatonin, the

Žmajor metabolite of melatonin Depres-Brummer et al.,´
.1996 . One rat was switched to continuous darkness fol-

lowing treatment completion.

2.3.2. Experiment 2
Forty-nine rats were exposed to continuous light for a

Ž .median of 14 weeks range 14–29 . In four successive
experiments, all rats received drug or control solutions
daily subcutaneously at 1600 for 30 days. The drug was
either melatonin, S20242 or 8-OH-DPAT. The control
solutions were either ethanol 2% in NaCl 0.9%, or

Ždimethylsulfoxide in water 20 or 50%, depending on the
.dose of S20242 . Appropriate vehicle controls were run in

each experiment. The melatonin daily dose was 0.01 mg
kgy1 for four rats, similar to experiment 1. Nine rats
received 1 mg kgy1, in agreement with a previous report
Ž .Redman and Armstrong, 1983 . Five rats were treated
with 5 mg kgy1. The daily dose of S20242, was either 1

y1 Ž . y1 Ž .mg kg eight rats or 5 mg kg five rats . The daily

y1 Ž .dose of 8-OH-DPAT was 5 mg kg four rats , according
Žto previous reports Tominaga et al., 1992a; Prosser et al.,

.1993; Cutrera et al., 1994 . Treatments were followed by
an additional 3-week washout span in continuous light for
all rats. Fifteen of these rats were subsequently exposed to
continuous darkness for another 2 weeks, as a further
control of the effect of these environmental conditions in
these animals. Five rats had been previously treated with

Ž y1 . Ž y1 .melatonin 1 mg kg , four with S20242 1 mg kg
and six rats had received a control solution.

2.4. Data analysis

Ž . ŽTemperature 8C and activity data arbitrary units or
.AU were analysed using Dataquest III software. Succes-

Žsive seven-day time series serial section shifted by 3–4
. Ždays from each rat were analyzed with three methods De

. ŽPrins and Hecquet, 1992 . Power spectrum analysis Four-
.ier transform was first applied to the data series in order

to detect the main periodicities. Least-square cosine regres-
sion was then applied with different test periods, at 5-min
intervals, within the range of the dominant period "1 h.

Ž .Fig. 1. Restoration of circadian rhythm of rat temperature by exposure to continuous darkness DD . Seven-day body temperature records of a
Ž . Žrepresentative rat maintained first under continuous light open box at x-axis, upper left panel then switched to continuous darkness dark box at x-axis,

. Žlower left panel . Power spectra in the right panels document the dominant period in the corresponding time series Note increased ordinate scale for the
.continuous darkness analysis .
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Table 2
Effects of continuous darkness on rhythms in body temperature and locomotor activity

Ž .Circadian rhythms Variable No. of rats Period h"min Amplitude

Previously suppressed Temperature 10 24.3"6 0.50"0.068C
Activity 10 24.2"12 50"3%

Previously free-running Temperature 5 24.0"2 0.49"0.058C
Activity 5 24.2"12 46"5%

Continuous light exposure had previously led to circadian system suppression in 10 rats, while ‘free running’ circadian rhythms persisted in five animals.
Ž .Mean periods and amplitudes "S.E.M. in continuous darkness were similar, irrespective of prior status of the circadian system in continuous light.

The period which corresponded to the highest percent
Ž .rhythm highest amplitude was considered as the domi-

nant one if P-0.001. The mean values of rhythm param-
Ž .eters "1 S.E.M. were computed from individual values

and compared whenever indicated using a paired Student’s
t-test. Autocorrelation analysis, which calculates and plots
the serial correlation within the data at various time lags,
was also used as an indicator of the strength of the rhythm.

Ž .Mean 24-h correlation coefficients r were computed24
Žusing Action3 software Ambulatory Monitoring, NY,

.USA . r s1, in the case of an exact reproducibility of a24

rest–activity pattern with a 24-h period from one 24-h
span to the next throughout the whole time series. Con-
versely, r s0 in the absence of any reproducible 24-h24

rhythm. Circadian rhythmicity was considered to be re-
stored if a dominant peak in the circadian domain was

detected by spectral analysis for at least 3 consecutive
weeks during treatment.

Both mean estimated circadian amplitudes and mean
r values were compared between different treatments24

with paired Student’s t-test. Dose-dependence was vali-
dated with an analysis of variance.

3. Results

3.1. Effect of continuous light exposure on temperature
and actiÕity rhythms

Exposure to continuous light resulted in a gradual sup-
pression of circadian rhythms of body temperature in 42 of

Ž .Fig. 2. Seven-day body temperature records of a representative rat kept in continuous light in the absence of any treatment upper left panel , during
Ž . Ž .intravenous melatonin 6-h infusion middle left panel and during control infusion lower left panel . Power spectra in the right panels document the

dominant period in the corresponding time series.
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Ž .56 rats 75% . The activity rhythm was suppressed in 49 of
Ž .56 rats 88% . Dominant ultradian rhythms were validated

by spectral analysis. Mean period was f5 h for both
Ž .temperature and activity Table 1 . Amplitudes of the

ultradian temperature and activity rhythms were respec-
tively 4- and 2-fold lower than the circadian amplitude of

Žage-matched rats kept with light:darks12:12 0.68C and
. Ž .70% . The 24-h autocorrelation coefficients r of the24

Žtemperature and activity rhythms were negligible 0.02"
.0.02 and 0.015"0.02, respectively . Transient desynchro-

nization was observed in 42 rats: the circadian activity
rhythm was suppressed 2 to 5 weeks earlier than the
temperature rhythm.

Persistent circadian temperature rhythms were observed
Ž .in 14 of 56 rats 25% , with a lengthened period of 25.6 h

and a halved amplitude, as compared to age-matched rats
kept with light:darks12:12. The mean autocorrelation

Ž .coefficient at 24 h "S.E.M. was 0.23"0.05. Persistent
circadian activity rhythms were only observed in seven

Ž .rats 12% , with a period of 25.2 h, a mean amplitude of
Ž .45% and r s0.25"0.07 Table 1 . Thus, permanent24

desynchronization, i.e., a circadian temperature rhythm
coexisting with an ultradian activity rhythm, was observed
in seven rats.

3.2. Effect of continuous darkness exposure

A total of 15 rats were switched from continuous light
to continuous darkness. Ten of these previously displayed
ultradian rhythms while in constant light. A circadian
rhythm was restored within one week of continuous dark-
ness, for temperature in nine rats and for activity in seven

Ž .animals Fig. 1 . All rats displayed dominant circadian
rhythms for both temperature and activity after 10 days of
exposure to constant darkness. The mean period was close

Ž .to 24 h for both variables Table 2 . Temperature ampli-
tude increased gradually to 0.58C after 10 days in continu-
ous darkness, which approached the value observed for

Fig. 3. Seven-day body temperature records of four representative rats kept in continuous light and treated with a daily subcutaneous administration of a
Ž . y1 y1control solution ethanol 2% , or melatonin at one of three dose levels: 0.01, 1 or 5 mg kg day . Power spectra in the right panels document the

Ž y1 .dominant period in the corresponding time series note increased ordinate scale for the 5 mg kg dose of MLT .
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rats kept in light:darks12:12. The increase in activity
Žamplitude was minor from 43% in continuous light to

.50% in continuous darkness , thus it was not restored as
compared to age-matched rats exposed to light:darks

Ž .12:12. The mean r "S.E.M. of the temperature and24

activity rhythms increased to 0.45"0.2 and 0.29"0.1,
respectively.

Five rats with persistent circadian rhythms in continu-
ous light were also switched to constant darkness. The
mean period was shortened to ;24 h for both temperature

Ž .and activity Table 2 . The mean amplitude of temperature
rhythm increased gradually by 20% in the first and second
weeks in continuous darkness, while that in activity rhythm
was not modified.

3.3. Six-hour intraÕenous infusion of melatonin

No consistent 24 h change in temperature or activity
was produced by this melatonin infusion schedule. Mean

temperature and mean activity were similar during mela-
tonin and control infusions. Neither amplitude nor autocor-
relation-coefficient r were modified during either infu-24

sion. Fig. 2 displays the temperature of an animal before
catheter implantation and during infusion of melatonin or
control solution.

3.4. Subcutaneous administration effects on suppressed
temperature and actiÕity rhythms

3.4.1. Control solution
Circadian rhythmicity was not consistently restored for

3 weeks or more in any of the nine control rats. Three rats,
treated with 50% dimethylsulfoxide control solution, tran-
siently displayed a dominant circadian temperature rhythm
for the first treatment week. Nevertheless, neither circadian
amplitude nor autocorrelation-coefficient r varied.24

Fig. 4. Seven-day body temperature records of four representative rats kept in continuous light and treated with daily subcutaneous administrations of a
Ž . y1 y1control solution DMSO 20% or S20242 at a dose of 1 mg kg or 5 mg kg , or 8-OH-DPAT. Power spectra in the right panels document the dominant

Ž .period in the corresponding time series note changes in ordinate scales .
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3.4.2. Subcutaneous melatonin administrations
Daily melatonin administration restored a sustained cir-

cadian rhythm of body temperature in 1 of 3 rats treated
with 0.01 mg kgy1, in three of six animals receiving 1 mg
kgy1 and in 4 of 4 rats injected with 5 mg kgy1 dayy1

Ž .Fig. 3 . During treatment, the period was 24.1 h"2 min.
Mean circadian amplitude increased significantly as a

Ž .function of melatonin dose Fig. 5 . Similar results were
Žobtained for the mean autocorrelation coefficients data not

.shown . This circadian rhythm persisted for 2 weeks after
Ž y1 .the last injection in two rats 5 mg kg and for 3 weeks

Ž y1 y1or more in six rats 0.01 mg kg , one rat; 1 mg kg ,
y1 .three rats; 5 mg kg : two rats . However, its period was

Ž .lengthened significantly to 25.5 h"28 min P-0.001 .

Fig. 5. Effects of melatonin, melatonin receptor agonist, S20242, and
Ž .5-HT receptor agonist, 8-OH-DPAT DPAT , on the circadian ampli-1A

Ž .tude of rhythms in body temperature upper panel and locomotor activity
Ž . Ž .lower panel . Controls received either DMSO in water 20 or 50% or
ethanol 2% in NaCl 0.9%. All agents were administered subcutaneously
daily for 30 days to rats with suppressed circadian rhythms for body
temperature and locomotor activity as a result of continuous light expo-
sure. The figure illustrates mean"S.E.M. of change in individual circa-
dian amplitude according to the dose of the agent. Daily vehicle adminis-
tration did not restore any rhythmicity. Conversely, mean circadian
amplitude of body temperature increased with melatonin and S20242 and

Ž .in a dose-dependent manner P -0.01 and P s0.06, respectively as
well as with 8-OH-DPAT. The rest–activity cycle was restored with
8-OH-DPAT but was minimally influenced by melatonin or S20242, at
any dose level tested.

Mean temperature was not affected by melatonin. None
of the rats displayed hypothermia following injection. The
mean activity level was not modified with either 0.01 or 1
mg kgy1 dayy1 of melatonin. However, mean activity was

Ž .significantly reduced by 2"0.3 arbitrary units 16% in
rats receiving a daily dose of 5 mg kgy1 of melatonin
Ž .P-0.02 , as early as during the first treatment week.

The circadian rhythm of activity was restored only in
two rats treated with 1 mg kgy1 dayy1, with a period of

Ž24.1 h"3 min and a doubled circadian amplitude 15%
.before and 34% during treatment . In addition, five rats

displayed a dominant circadian rhythm of activity for 1 to
2.5 weeks during treatment. The mean estimated circadian
amplitude increased significantly by 12"3%, irrespective

Ž . Ž .of melatonin dose P-0.01 Fig. 5 . The mean autocor-
relation coefficient r increased significantly as a func-24

tion of dose, to 0.06, 0.18 or 0.21 in rats treated with,
y1 Ž .respectively, 0.01, 1 or 5 mg kg of melatonin P-0.04 .

3.4.3. Subcutaneous administrations of S20242
Neither mean temperature nor mean activity was modi-

fied by S20242 injections. A daily injection of S20242
restored the circadian rhythm for temperature in 11 out of

Ž .11 rats, irrespective of dose Fig. 4 . During treatment, the
mean period was 24.2 h"2 min. Circadian amplitude

Ž .increased according to dose Ps0.06; Fig. 5 . The mean
autocorrelation coefficient r increased significantly to24

0.25, irrespective of dose. Furthermore, the temperature
rhythm remained in the circadian periodic domain for 1 to
3 weeks following S20242 withdrawal in 9 of 11 rats. Its
period was however lengthened to 25.4 h"16 min. Al-
though activity transiently displayed a circadian dominant

Žperiod in five rats for less than 3 consecutive weeks
.during or after treatment , this rhythm was not consistently

restored in any animal.

3.4.4. Subcutaneous administrations of 8-OH-DPAT
Daily injection of 8-OH-DPAT induced acute hypother-
Ž .mia Fig. 4 . Temperature dropped to a mean nadir of

Ž .34.78C"0.68C within 2 h range 1 to 3 h and recovered
14"1 h later. However, the mean temperature was similar
before, during or after treatment. Consequently, the circa-

Ždian rhythm for temperature was restored in all rats period
.s23.8 h"12 min , and persisted in 1 of 4 rats for 3

weeks following treatment withdrawal with a longer period
Ž .24.7 h . In this animal, the circadian activity rhythm was
restored with a period of 24.2 h, and two additional rats
had dominant f12 h rhythms during the entire treatment
regimen.

The mean circadian amplitude for both temperature and
Ž .activity increased, respectively, by 0.54"0.18C P-0.02

Ž .and 37"16% Ps0.1; Fig. 5 . The mean autocorrelation
coefficients r of temperature and activity increased to24

Ž .0.6 and 0.56, respectively P-0.02 .
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3.5. Effects of daily administration on persistent circadian
temperature and actiÕity rhythms

The 12 rats with persistent circadian rhythms received a
Ž y1daily injection of melatonin one rat: 0.01 mg kg ; three

y1 y1. Žrats: 1 mg kg ; one rat: 5 mg kg or S20242 two rats:
y1 . Ž .1 mg kg or control solution five rats . In rats receiving

melatonin or S20242, the mean period of temperature
rhythm was shortened significantly to 24.3 h"12 min
Ž .P-0.02 during treatment, then lengthened to its previ-

Ž .ous values 25.3 h"10 min , following treatment with-
drawal. Neither circadian amplitude nor autocorrelation
coefficient r was modified. No change in period or24

amplitude of rhythm was observed in rats receiving a
control solution.

4. Discussion

Prolonged exposure of rats to continuous light resulted
in a gradual suppression of circadian rhythms for body
temperature and locomotor activity in 75% and 88% of the
animals respectively. The suppression was preceded by a
transient uncoupling of temperature and activity rhythms,
the latter rhythm being suppressed 2 to 5 weeks before that
of temperature. Subsequent exposure to continuous dark-
ness for 10 days restored both circadian rhythms in all the
rats exposed to these conditions. These results were very

Žsimilar to those reported earlier Depres-Brummer et al.,´
.1995, 1997 . We further examined whether treatment with

exogenous melatonin, the melatonin receptor agonist
S20242 or the 5-HT receptor agonist, 8-OH-DPAT,1A

could alleviate the functional suppression of the circadian
system induced by continuous light exposure.

Melatonin plasma clearance and distribution volume
were doubled in rats kept under continuous light as com-

Žpared to those kept with light:darks12:12 Depres-´
.Brummer et al., 1996 . This might explain the failure of a

chronomodulated delivery scheme to restore circadian
rhythms of temperature or activity, probably as a result of

Žmelatonin accumulation Depres-Brummer and Levi, un-´ ´
.published observations . These results led us to devise a

daily intermittent infusion scheme. Exogenous melatonin,
at a dose of 0.01 mg kgy1 dayy1, administered intra-
venously for 6 h every 24 h, produced a nearly physio-
logical rhythm of urinary 6-sulfatoxymelatonin in rats

Žexposed to prolonged continuous light Depres-Brummer´
.et al., 1996 . The present study however failed to demon-

strate any effect of this delivery schedule on suppressed
temperature or activity rhythms throughout a 10-day treat-
ment. As a possible explanation, continuous light exposure
could alter melatonin responsiveness. Thus, continuous
light exposure for 2 or 3 days suppressed the circadian
rhythm for both electrical activity in the suprachiasmatic
nucleus and responsiveness to melatonin, increased the
overall responsiveness of the suprachiasmatic nucleus to

melatonin and increased the density of melatonin binding
sites in the suprachiasmatic nuclei of Syrian hamsters or

Žguinea pigs Gauer et al., 1992; Poon and Pang, 1992; Yu
.et al., 1993 . Nevertheless, these findings imply that low

doses of melatonin should be effective on circadian func-
tion in animals kept in continuous light. In addition, it
could be necessary to make exogenous melatonin adminis-
tration coincide with the sensitive phase of the endogenous
melatonin rhythm in order to restore circadian function
with this agent, a requirement similar to that needed for the

Žmelatonin effect on gonadal regression in hamsters Bart-
.ness, 1993 . However, pinealectomy did not alter the

ability of daily melatonin treatment to synchronize activity
rhythms of rats kept in continuous darkness, thus the
pharmacologic effects of melatonin on the circadian sys-
tem are likely to be independent of the endogenous mela-

Ž .tonin rhythm Warren et al., 1993 .
The results we now obtained with daily subcutaneous

administration of melatonin, S20242 or 8-OH-DPAT sup-
port this latter concept. Thus, the temperature circadian
rhythm was restored with these drugs, given subcuta-
neously either within the first 10 days of treatment or not
at all, which mimicked the effect of continuous darkness
on this variable. In addition, subcutaneous melatonin re-
stored suppressed temperature rhythms as a function of
dose whether based on number of rats with a circadian
rhythm or on mean circadian amplitude. No hypothermia
was induced by melatonin administration in rats, as op-

Ž .posed to humans Deacon et al., 1994 . In rats, in contrast
to humans, high nocturnal activity levels and body temper-
ature coincide with high melatonin secretion. In the present
study, melatonin or S20242 injections coincided with the
maximum of the restored body temperature rhythm.

Subcutaneously administered melatonin restored the
suppressed rhythms, while intravenous infusion had no
such effect. A similar discrepancy between modes of ad-
ministration was reported for Syrian hamsters kept in
continuous darkness. Both melatonin and control solution
injected subcutaneously 2 h before the start of activity
produced a phase advance, while a subcutaneous infusion

Ž .was ineffective Hastings et al., 1992 . Although arousing
stimuli may exert potent effects on the circadian activity
rhythm in rodents kept in continuous light or darkness
Ž .Cutrera et al., 1994 , no such effect was observed in any
of the nine control rats from our study. Furthermore, the
dose–response relationship for melatonin activity rules out
a possible role of animal handling. The fact that no
synchronization was achieved with the lower dose of 0.01
mg kgy1, whether melatonin was given daily as a 6-h i.v.
infusion or as a subcutaneous injection supports dose
dependence rather than schedule-dependence of the activ-
ity of melatonin in the continuous light exposure rat
model.

The melatonin receptor agonist, S20242, restored the
circadian rhythm for temperature in all the rats exposed to
constant light, at either dose level, yet the mean amplitude



( )P. Depres-Brummer et al.rEuropean Journal of Pharmacology 347 1998 57–66´ 65

was highest in animals receiving the higher dose. The
higher affinity of S20242 for melatonin receptors might
thus result in increased potency for circadian synchroniza-
tion as well as a possibly increased specificity for body
temperature.

A 38C drop in body temperature was elicited with
8-OH-DPAT within 1 h of its administration, confirming

Ž .previous reports Hjorth, 1992 . Consequently, this agent
restored a circadian rhythm for body temperature in all
rats.

In rats with persistent free-running circadian rhythms
despite continuous light, daily melatonin or S20242 admin-
istration shortened the period of temperature rhythm by
nearly 1 h in comparison with that of the control rats.
Similarly, daily evening administration of melatonin was
reported to set to 24 h the period of the free-running

Žsleeprwake rhythm in blind men Arendt et al., 1988;
.Tzischinsky et al., 1992 .

Locomotor activity was less susceptible than body tem-
perature to circadian synchronization with any of the agents

Ž y1 .tested. Only two rats treated with melatonin 1 mg kg
and one animal receiving 8-OH-DPAT displayed circadian
activity rhythms.

The restoration of circadian rhythms in body tempera-
ture usually persisted for 1 to 3 weeks following mela-
tonin, S20242 or 8-OH-DPAT withdrawal, yet with an
increased period length. Thus, the synchronizing effect of
these substances most likely resulted from their effects on
function of the circadian clock. Furthermore, the transient
loss of synchronization between temperature and activity
rhythms in rats exposed to continuous light and the rather
specific activity of melatonin or 5-HT receptor agonists1A

for body temperature rhythm support the existence of at
least two distinct functional oscillators in the circadian

Ž .clock Moore, 1996 . These oscillators may constitute
separate pharmacological targets to be considered in the
treatment of circadian system disorders.
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