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CHAPTERR 5 

FeedingFeeding conditions affect vasopressin and Per2y but not Perl, 
genegene expression in the rat suprachiasmatic nucleus 

Stephaniee Perreau-Lenz, Andries Kalsbeek, Hugues Dardente, Paul Pévet & Ruud M. Buijs 

Submitted Submitted 

Abstract t 
Likee many other biological functions, the rhythmic nocturnal synthesis of melatonin 
inn the pineal gland is controlled by the circadian pacemaker, located in the suprachi-
asmaticc nucleus of the hypothalamus (SCN). Recently we demonstrated that in order 
too control the daily rhythm of melatonin synthesis, the SCN sends a combination of 
inhibitoryy and stimulatory signals to the paraventricular nucleus of the hypothalamus 
(PVN).. The present study was initiated in order to identify the sub-population(s) of 
SCNN cells responsible for these stimulatory and inhibitory signals. Therefore, we 
analysedd and compared the spatial and temporal distribution of Perl and Perl gene 
expressionn within the SCN, using two experimental paradigms, i.e. an 8-h advance of 
thee light/dark-cycle, and a time-restricted-feeding regime. Firstly, these specific con-
ditionss revealed the necessity for a periodic absence of Per gene expression within the 
dorsall  SCN in order to enable the expression of the melatonin rhythm. Secondly, the 
presentt study clearly reveals that feeding conditions feed back to the molecular clock 
byy changing the normal expression of the Per2 gene. Finally, we revealed a close and 
specificc correlation between Perl and VP gene expression in the SCN. 

Introductio n n 

Thee biological clock, located in the suprachiasmatic nucleus of the hypothalamus 
(SCN),, controls the circadian rhythm of many biological functions and sustains cy-
clicc expression of clock genes (i.e. Perl and Perl genes) interacting with each other 
inn transcriptional-translational positive and negative feedback loops (see for review 
Reppertt & Weaver, 2001; Albrecht & Eichele, 2003). Until recently, the SCN was 
seenn as a rather homogeneous structure, mostly active during (subjective) daytime 
(Greenn & Gillette, 1982; Schwartz et aU 1983; Shibata & Moore, 1988), and distribut-
ingg one global timing signal. However, neuroanatomical and physiological studies 
onn clock-controlled endocrine rhythms (e.g. melatonin and corticosterone release) 
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havee revealed that both inhibitory and stimulatory signals emanate from the SCN at 
differentt moments of the day (Kalsbeek et al, 1996a; Kalsbeek et al., 1996b; Kalsbeek 
etet al, 2000b; Perreau-Lenz et al, 2003; Perreau-Lenz et al, 2004). Moreover, recent 
electrophysiologicall  studies strongly suggest the existence of different subpopulations 
off  SCN cells, active at different times of the L/D-cycle (Quintero et al, 2003; Saeb-
Parsyy & Dyball, 2003b). In addition, a differentiated temporal and spatial distribution 
hass been shown for Perl and Per2 gene expression within the SCN (Hamada et al, 

2001;; Dardente et al, 2002; Yan & Okamura, 2002). Recently, an elegant study dem-
onstratedd that, after an abrupt shift in the day/night cycle, a total synchrony between 
thee dorsomedial and ventrolateral subdivisions of the SCN is necessary for a complete 
resynchronisationn of the locomotor activity rhythm (Nagano et al, 2003). 

Althoughh vasopressin (VP) neurons (involved in the inhibitory part of the clock-
controlledd circadian corticosterone rhythm) are restricted to a clearly denned dorsal 
subdivisionn of the SCN, the majority of SCN neurons seem to be able to synthesise 
y-aminobutyricc acid (GABA) and/or glutamate, respectively responsible for the in-
hibitoryy and stimulatory clock outputs involved in the melatonin-rhythm generating 
systemm (Kalsbeek et al, 2000b; Perreau-Lenz et al, 2004). This study was therefore 
initiatedd to identify specific subsets of SCN neurons responsible for the onset or offset 
off  melatonin synthesis. Since, it takes at least 5 days for the nocturnal peaks of aryla-
lkylamine-N-acetyltransferasee activity and melatonin secretion to reappear after an 
8-hh phase advance of the L/D cycle (Illnerova, 1989; Kennaway, 1994; Drijfhout et al, 

1997;; Kalsbeek et al, 2000a), and since such an abrupt shift also affects the spatial and 
temporall  distribution of Per genes expression in the SCN (Nagano et al, 2003), we in-
vestigatedd whether the activation of a particular subpopulation of SCN neurons could 
bee correlated with the reappearance of either the onset or offset of the melatonin peak. 
Inn addition, since a restricted-feeding protocol delays the reappearance of the mela-
toninn rhythm after such a phase-advance even further (Kalsbeek et al, 2000a), we 
alsoo included a restricted-feeding group, to differentiate further Per gene expression 
changess in the SCN.. Radioactive and non-radioactive in situ hybridisation techniques 
weree used to evaluate spatial and temporal expression of Perl and Perl genes in the 
SCN.. In addition, in the same animals we also measured the SCN VP mRNA content 
andd the plasma melatonin concentration. 

Materia ll  and methods 

Animals Animals 

Malee Wistar rats (Harlan, Zeist, The Netherlands) of 275-300 g, housed at five animals 
perr cage, were kept in a temperature-controlled environment under 12-h light/12-h 
darkk conditions and fed ad libitum during one week after their arrival in order to 
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acclimatizee to the new laboratory environment. Subsequently animals were housed 

singlyy and maintained either in ad libitum or in time-restricted feeding conditions for 

att least 3 weeks. In the time-restricted feeding conditions, rats had a daily access to 

foodd for 2 hours (starting 4 hours after the onset of the light period (Zeitgeber Time 4, 

ZT4;; ZTO being the beginning of the light period). Experiments were conducted un-

derr the approval of the Animal Care Committee of the Royal Netherlands Academy 

off  Arts ands Sciences. 

ExperimentalExperimental set-up 

Animalss were divided in 2 groups maintained in ad libitum (n=36) or time-restricted 
feedingg conditions (n=27). The ad libitum group was subdivided in two subgroups. 
Onee subgroup, designated as the control group (AL; n=18), remained in the same 
L/D-conditionss throughout the experiment and did not experience any phase-shift of 
thee L/D cycle. The second subgroup (ALs; n=18) was subjected to a phase-advance of 
8-h.. The group of animals maintained in time-restricted feeding conditions was also 
subdividedd in two subgroups.. One subgroup (RFs; n=18) was also subjected to an 8-h 
advancee of the L/D cycle, while for the second subgroup, considered as the control 
groupp (RF; n=9), no shift was applied and the restricted-feeding regime continued. 
Thee 8-h advance of the L/D cycle was realised by shutting down the light at ZT4, 4 
weekss after the start of the restricted-feeding regime. From this first day of shift (DO), 
thee RFs animals were provided with food ad libitum. Starting at ZT10 on day 5 after 
thee shift (D5) and ZT2 for the non-shifted groups, the animals of the 4 groups were 
maintainedd in constant darkness under red-dim-light until the end of the experi-
ment.. The animals of the AL, ALs, and RFs groups were perfused every 4-hours at six 
differentt time points starting at CTsl4 on D5 (CTsl4 indicating CT14 after the shift 
andd corresponding to ZT6 in non-shifted time). Animals of the RF control group 
weree perfused at three time points, 2-h before (CT2), at the end (CT6) and 4-h af-
terr (CT10) the 2-h feeding period. For each time-point animals were perfused with 
fixativefixative (4% paraformaldehyde, 75 mM lysine, lOmM sodium periodate in 100 mM 
phosphatee buffer, pH 7.4). After anaesthesia and before perfusions, an intra-cardiac 
bloodd puncture was made. Brains were removed and post-fixed during 2h at 4°C, 
rinsedd with 50% ethanol and embedded in polyethylene glycol after dehydratation as 
describedd previously (Klosen et al., 1993). Six series of 10 um coronal sections were 
mountedd on slides (6 sections per slide covering the rostro-caudal area of the SCN; 
Superfrost™™ Plus, Menzel-Glaser, Germany). 

Hybridisation Hybridisation 

Ass previously described elsewhere (Dardente et al, 2002), non-radioactive and radio-
activee in situ hybridisation was realised using rat Perl and Per2 clones, kindly donated 
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byy Prof. H. Okamura (Department of Anatomy and Brain Science, Kobe University 

Schooll  of Medicine, Japan). 

NON-RADIOACTIVEE IN SITU HYBRIDISATION 

Hybridisationss were carried out using hapten-labeled riboprobes (digoxigenin, Ro-
chee Biochemicals, Germany). In short, sections were pretreated with a postfixation 
stepp (4% phosphate buffered formaldehyde for 10 min), a digestion step (2 ug/ml of 
proteinasee K in PBS for 30 min at 37° C) and an acetylation step (100 mM trieth-
anolaminee in PBS, 0.25% acetic anhydride). The sections were then hybridised for 
40hh at 54° C with 200 ng/ml of labelled sense or antisense probes in the hybridisation 
bufferr (50% formamide, 5xSSC, 5xDenhardt's, 500 ug/ml denaturated salmon sperm 
DNAA and 0.04% diethylpyrocarbonate). After hybridisation, the probe was washed 
offf  in 5xSSC at room temperature for 10 min. Stringency rinses were performed at 
72°° C for 6x10 min in 0.1 SSC. In addition, RNase treatment (20 |ig/ml in 10 mM 
Triss pH 7.5,400 mM NaCl, 2.5 mM EDTA) was carried out. Sections were then proc-
essedd for immunocytochemistry using alkaline phosphatase labelled anti-digoxigenin 
antibodies.. Detection of the hybridisation process was achieved by nitrobluetetrazo-
liumm (400 uM) in 100 mM Tris pH 9.5, lOOmM NaCl, 5 mM MgCl2and 5% polyvinyl 
alcohol. . 

RADIOACTIV EE IN SITU HYBRIDISATION 

Pretreatmentss were done as described above for the non-radioactive procedure. 
Antisensee and sense probes were transcribed in presence of a[35S]-UTP (1250 Ci/ 
mmol,, NEN-Dupond, Zaventem, Belgium) according to the manufacturer's protocol 
(MAXIscript,, Ambion, USA). After double acetylation, sections were rinsed twice in 
PBS,, dehydrated in a graded ethanol series of 1 min (70%, 90%, 95% (with 250 mM 
ammoniumm acetate) and 100%) and dried at room temperature. Sections were 
hybridisedd with either antisense or sense cDNA riboprobes in a solution containing 
50%% deionised formamide, 10% dextran sulphate, 50 mM dithiothreitol, lxDenhardt's 
solution,, 2xSSC, 1 mg/ml salmon sperm DNA, 1 mg/ml yeast RNA, at 54° C for 16h. 
Afterr incubation, the sections were rinsed twice for 10 min in 2xSSC before being 
treatedd with Ribonuclease A (Sigma, 0.02 Kunitz unit/ml) in 10 mM Tris, 500 mM 
NaCl,, 10 mM EDTA buffer (30 min at 37° C ). Slides were then rinsed twice and 
stringencyy washes were carried out as described for non-radioactive hybridisation. 
Finally,, sections were dehydrated in a graded ethanol series (70%, 90%, 95% and 
100%)) and air-dried. Slides were exposed with 35S standards to an autoradiographic 
fil mm (Hyperfilm MP, Amersham, Orsay, France) for 5 to 15 days. 
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RadioRadio Immunoassays 

Melatoninn plasmatic concentration was measured in duplicate by radioimmunoassay 
usingg [125I ] melatonin (Amersham, Bucks, UK; specific activity 2000 Ci/mmol) and 
rabbitt antiserum (AB/R/03, Stockgrand Ltd, Guildford, UK) with a final dilution of 
1:200000.. Stock melatonin (Sigma Chemicals) was stored at a concentration of 1 mg/ 
ml.. The standard range of dilutions extended from 3.75 pg/ml to 4 ng/ml, and the 
minimumm detection limi t level was 4 pg/ml. The intra-assay coefficients of variation 
weree 19, 13 and 13 % for standards containing 60, 300 and 1500 pg/ml, respectively 
andd the inter-assay coefficient of variation between seven assays was 22, 13 and 3 %, 
forr the 3 concentrations mentioned before (Barassin et alt 1999). 

DataData analysis 

Quantitativee analyses of the autoradiograms for the first experiment were performed 
usingg a computerised analysis system (ImageProRunnablePlus). The optical density 
off  each SCN area for the 6 mounted sections (covering the rostro-caudal axis of the 
SCN)) was measured. The mean background of each slide (one slide/animal) was sub-
tractedd from this measurement, and the result was multiplied by the area of the SCN, 
givingg the Integrative Density. Statistical comparisons between groups were assessed 
usingg a 2-way analysis of variance (ANOVA) with the factors "group" and "time". In ad-
dition,, the time-effect was analysed for each group separately using a one-way ANOVA. 

Possiblee correlations were analysed using Pearson analysis. Data from both experi-
mentss are expressed as mean  SEM. For every analysis realized in this study P < 0.05 
wass considered significant. 

Results s 

Inn the present study, the body-weight time-course of the animals from the AL, ALs 
andd RFs groups before the shift was highly different (F6102=l 11.08; P < 0.0001). In-
deed,, rats submitted to a 2-h restricted-feeding regime from ZT4 to ZT6 (RFs) main-
tainedd their body-weight around 300g, while the rats fed ad libitum (AL and ALs) 
showedd a typical growth curve, growing approximately lOOg in 4 weeks (post-hoc 
tests:: P < 0.001 compared to AL and ALs). 

PerPer genes expression distribution within the SCN 

Thee non-radioactive in situ hybridisation revealed a different distribution of Per gene 

expressionn in the SCN following an 8-h advance of the L/D cycle after prior ad libitum 

versusversus RF conditions. In ad libitum conditions, under a typical L/D=12-h/12-h cycle, 

wee found Perl and Perl genes expressed with the characteristic daily time course 

inn different regions of the SCN (Yan & Okamura, 2002; Nagano et ah, 2003). Perl 
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andd Per2 expression was the highest and the most widespread (i.e. dorsomedial and 
ventrolaterall  expression) around CT6 and CT10, respectively. As shown in Fig. 1 and 
Fig.. 2, the nocturnal expression of Perl and Per2 is restricted to a few cells located 
inn the centre of the SCN. Five days after an 8-h advance of the L/D cycle, the daily 

ALL CTS ALs CTS RFs CT T 
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22 2 

$ $ 14 4 

22 2 

14 4 

22 2 
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10 0 

// ' 

: : . . 

Figuree 1 Spatial and temporal distribution of Perl gene expression within the SCN, through 
thee L/D cycle, in the AL, ALs and RFs group, as revealed by the non-radioactive immuno-in-
situu hybridisation technique. Grey and black bars indicate light and dark portions of the L/D 
cycle. . 
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rhythmm of Per gene expression was not yet completely shifted in the ALs group. The 
highestt and most widespread expression of Perl and Perl genes was found at CTs22 
andd CTs2-CTs6, respectively, i.e. still 4-8 hours away from the destined acrophase. In 
animalss previously maintained on the restricted feeding regime and subjected to an 

ALs s CTs s RFs s 

14 4 

18 8 

22 2 

2 2 

6 6 

10 0 

:-:- ! . . 

Figuree 2 Spatial and temporal distribution of Per2 gene expression within the SCN, through 
thee L/D cycle, in the AL, ALs and RFs group, as revealed by the non-radioactive immuno-in-
situu hybridisation technique. Grey and black bars indicate light and dark portions of the L/D 
cycle. . 
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8-hh advance of the L/D cycle, the expression pattern of the Per genes was even more 

disturbed.. Indeed, in these animals, Perl expression can be divided in a two periods: 

onee at the beginning of the new night, and characterized by a clear dorsal expression, 

andd one with a predominant ventral expression of Perl around CTs6. This second 

timee period corresponds to the timing of the new acrophase once the animals would 

bee synchronized to the new L/D cycle. In these RF shifted animals there is only one 

timee point with an almost complete absence of Perl expression, i.e. CTs2. Such a clear 

subdivision,, either in time or in space, is not observed for Per2 gene expression. In-

deed,, Perl gene expression is distributed almost equally throughout the L/D cycle. 

Remarkably,, none of the 6 time points shows a complete absence of Per2 expression. 

PerPer genes expression quantification in the SCN 

Usingg the radioactive in situ hybridisation technique on adjacent sections, the tempo-
rall  changes in Perl and Per2 gene expression were also analysed quantitatively (Fig. 
3AA & B). Concerning Perl gene expression, the 2-way ANOVA revealed highly sig-
nificantt effects of time, group and interaction between the 3 groups AL, ALs and RFs 
(Tablee 1). Significant differences between values of ALs and RFs versus AL groups are 
illustratedd in Fig. 3 A. Values of ALs and RFs groups significantly differed only for the 
time-pointt CTslO (post-hoc test: P < 0.01). In addition, the one-way ANOVA analysis 

Tablee 1 Statistical analyses of the mRNA quantifications of Perl, Per2, VP genes and of mela-
toninn concentrations measured respectively in the SCN and in the plasma of AL, ALs and RFs 
animals. . 

2-wayy ANOVA 

time time 

group group 

timetime x group 

1-wayy ANOVA 

AL AL 

ALs ALs 

RFs RFs 

Perl Perl 

F(5,36)=8.81 1 
p<0.0001 1 

F(2,, 36)=6.62 
p<0.01 1 

F(10,, 36)=8.34 
p<0.0001 1 

F(5,12)=11.92 2 
p<0.001 1 

F(5,, 12)=4.5 
p<0.05 5 

F(5,, 12)=10.94 
p<0.001 1 

Perl Perl 

F(5,35)=1.68 8 
p=0.167 7 

F(2,35)=13.81 1 
p<0.0001 1 

F(10,, 35)=9.74 
p<0.0001 1 

F(5,ll)=10.22 2 
p<0.001 1 

F(5,12)=5.27 7 
p<0.01 1 

F(5,12)=2.84 4 
p=0.07 7 

VP P 

F(5,, 36)=4.72 
p<0.01 1 

F(2,36)=ll  1.434 
p<0.0001 1 

F(10,, 36)=13.32 
p<0.0001 1 

F(5,, 12)=14.80 
p<0.001 1 

F(5,12)=6.53 3 
p<0.001 1 

F(5,, 12)=3.50 
p<0.05 5 

Melatonin n 

F(5,35)=1.68 8 
p=0.166 6 

F(2,35)=2.50 0 
p=0.097 7 

F(10,, 35=0.80 
p=0.63 3 

F(5,, 12)=1.41 
p=0.29 9 

F(5,, 11)=0.93 
p=0.50 0 

F(5,, 12)=1.05 
p=0.44 4 
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revealedd an effect of time of Perl gene expression for each group analysed separately 
(Tablee 1). In ad libitum conditions before the shift (AL) Perl expression showed a sig-
nificantt peak at CT6 (post-hoc test: P < 0.01 to all other time-points), while after the 
shift,, in the ALs group, the integrative density for Perl mRNA was significantly higher 
att CTs22 compared to CTsl8, CTs6 and CTslO (post-hoc tests: P < 0.05 for the three 
time-points).. Besides, in restricted-feeding conditions, higher Perl gene expression 
wass also noticed for CTs22, CTs2 and CTslO time-points versus CTsl4, CTsl8 and 
CTs66 (post-hoc tests: CTs22: P < 0.01 compared to three time-points; CTs2: P < 0.05 
comparedd to three time-points; CTslO: P < 0.01, P < 0.05, and P < 0.01 compared to 
CTsl4,, CTsl8 and CTs6, respectively). 

Thesee quantifications also clearly revealed that Perl gene expression is differently 
affectedd by the restricted-feeding regime. Although the 2-way ANOVA revealed no sig-
nificantt effect of time in the expression of Perl in the SCN, it showed a highly signifi-

a. . 

"D D 

a> > 

B. . 

a. a. 

a> a> 

0.7 7 

0.6 6 

0.5 5 

0.4 4 

0.3 3 

0.2 2 

0.1 1 

0 0 ii DO 
D5-D6 6 

Figuree 3 Quantification of Perl (A) and Per2 (B) gene expression in the SCN in AL (open 
circles)) versus ALs (closed circles) and RFs (closed squares) groups. Bottom bars indicate the 
nocturnall  periods before and after the 8-advance of the L/D cycle. Relative mRNA amount 
iss expressed as Integrative Density. ***  and ### indicate significant differences of density of 
PP < 0.001 for ALs versus AL groups and RFs versus AL groups, respectively. 
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cantt effect of group and interaction between the 3 groups AL, ALs and RFs (Table 1). In 

addition,, in AL group, Perl gene expression showed a significant peak at CT10-CT14 

beforee the shift (post-hoc tests: P < 0.O5 compared to all other time-points). Five days 

afterr an 8-h advance of the L/D cycle, the integrative density for Perl mRNA, in ani-

malss fed ad libitum (ALs), showed significantly higher levels at CTs6 than at CTsl4, 

CTsl88 and CTs22 (post-hoc tests: P < 0.05 for the three time-points), but no such 

peakk could be measured in the animals with prior RF (Table 1). In addition, Perl 

expressionn levels were significantly different in ALs animals versus AL animals, with 

lowerr levels for the time-points CTsl8 and CTs22 but higher levels at CTs6. On the 

otherr hand, Perl gene expression in RFs animals only significantly differed from that 

inn AL animals, showing lower values for two time-points CTsl8 and CTs22 (Fig. 3B). 

Thesee two time points correspond to the acrophase before the shift in AL animals, i.e. 

thee daily peak of Perl expression is completely lost in RFs animals. 

VPVP mRNA content in the SCN 

Inn an attempt to further correlate Per gene expression and distribution within the 
SCNN with clock outputs, we also measured VP mRNA content in the SCN by in situ 

hybridisationn on adjacent sections in the same animals. Vasopressin is one of most 
extensivelyy studied SCN neurotransmitters and recognized as the one most clearly 
relatedd to SCN output (Gillette & Reppert, 1987; Cagampang et al, 1994; Kalsbeek 
etet al, 1995). The 2-way ANOVA revealed significant effects of time, group and interac-

tiontion between the 3 groups AL, ALs and RFs (Table 1). Post-hoc-tests revealed that 
twoo time points significantly differed in VP expression between the AL versus ALs 
groupp (Fig. 4A). The peak of VP mRNA content, measured at CT10 in AL animals, 
hadd indeed totally disappeared at CTsl8 in ALs animals, whereas VP expression was 
significantlyy higher in ALs animals at CTs6 as compared to CT22 in AL animals. In 
addition,, in the AL group we observed a rhythm of VP mRNA content with a peak 
expressionn at the end of the day (i.e. CT10). In the ALs group, VP mRNA content 
alsoo showed a significant daily rhythm. In these animals, VP expression during the 
middlee of the (shifted) light period (CTs6) was significantly higher than at nocturnal 
timee points and than at CTs2 (post-hoc tests: P < 0.01 compared to CTsl4 and CTsl8, 
PP < 0.05 for CTs22 and CTs2). These results indicate an almost complete shift of the 
VPP mRNA rhythm five days after the shift of the L/D-cycle. In the RFs group, on the 
otherr hand, no such a peak of expression could be observed. Indeed, although ANOVA 

analysiss revealed a small effect of time in the RFs group, post-hoc comparison tests 
onlyy indicated a trough of VP gene expression at CTs6, with only the CTs2 and CTs6 
timee points differing significantly from each other (P < 0.05). In addition, except for 
thee CTsl8 time point, VP gene expression in the RFs group did not differ significantly 
fromm the VP gene expression measured in AL group. 
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Thee similarity of the phase-advance effect on the VP and Per2 gene expression 
profiless was confirmed by a correlation analysis for the animals of the AL and ALs 
groups.. No significant correlation could be measured between the expression of Perl 
andd VP, either before (r = 0.43; p = 0.09) or after the 8-h advance (r = 0.09; p = 0.72). 
Onn the contrary, the average integrative density of VP mRNA was positively corre-
latedd to the one of the Per2 gene in both conditions (r = 0.64; P < 0.01 and r = 0.65; 
pp = 0.01, respectively). 

MelatoninMelatonin plasma content 

Byy intra-cardiac blood punctures we were able to measure another hand of the clock 
inn the same animals, i.e. plasma melatonin. However, statistical analysis did not reveal 
anyy significant differences in plasma melatonin levels (Table 1), although the effect of 
groupgroup approached significance. Also no significant effects of time were observed for 
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Figuree 4 24-h profiles of relative VP mRNA amount in the SCN (A) and plasma melatonin 
concentrationn (B) in AL (opened circles) versus ALs (closed circles) and RFs (closed squares) 
groups.. Bottom bars indicate the nocturnal periods before and after the 8-advance of the L/D 
cycle.. ** *  and ### indicate significant differences of density of P < 0.001 for ALs versus AL 
groupss and RFs versus AL groups, respectively. 
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thee data of the individual groups. Most likely this is due to the small numbers of ani-

malss and the strong inter-individual differences. However, we did notice some clear 

differencess between the 3 groups in their mean plasma melatonin levels. In the AL 

groupp a normal nocturnal increase of plasma melatonin concentrations was observed 

att CT18-22. On the other hand, after the shift, none of the RFs animals showed in-

creasedd melatonin levels at any of the 6 time points. In the ALs group some animals 

showedd increased plasma melatonin concentrations during the new dark period, 

whereass other animals showed increased plasma melatonin levels at a time point cor-

respondingg to the previous dark period (i.e. CTs6). 

RestrictedRestricted Feeding 

Inn addition to the differential effects of phase-shifting on Per gene expression in 
thee ALs and RFs animals, a clear effect of restricted feeding on Perl and Perl gene 
expressionn could be observed already before animals were exposed to the 8-h phase-
advancee (Fig.SA 8c 5B). Indeed, Perl integrative density was clearly not affected by 
thee restricted-feeding regime, while the interaction effect just escaped significance for 
thee Perl gene expression (Table 2), with a tendency for Perl to be up-regulated in RF 
animalss just after feeding (CT6) compared to AL animals. 

Inn addition, measurement of the VP mRNA content revealed that the VP expres-
sionn in the SCN was strongly influenced by the restricted feeding regime (Fig.5C). 
Indeed,, VP gene expression in the RF animals was significantly increased just after 

Tablee 2 Statistical analyses of the mRNA quantifications of Perl, Per2, VPgenes in the SCN, in AL 
andd RF animals, at CT2, CT6 and CT10. 

PerlPerl Perl VP 

2-wayy ANOVA 

time time 

group group 

timetime x group 

F<2,, 12)=2.76 
p=0.10 0 

F(l,, 12)=2.13 
p=0.17 7 

F(2,, 12)=1.01 
p=0.39 9 

F(2,, 11)=2.79 
p=0.10 0 

F(l,, 11)=0.70 
p=0.42 2 

F(2,, 11)=3.71 
p=0.06 6 

F(2,, 12) 
p<0.01 1 

F(l,, 12) 
p=0.36 6 

F(2,12) ) 
p<0.001 1 

1-- way ANOVA 

ALAL F(2,6)=9.70 F(2,5)=3.84 F(2,6)=12.97 
p<0.055 p=0.098 p<0.01 

RFRF F(2,6)=0.37 F(2,6)=3.17 F(2,6)=19.07 
p=0.711 p=0.11 p<0.01 
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feeding-timee (CT6) and decreased 4 hours later (CT10) as compared to the ad libi-
tumtum fed animals (Table 2). Moreover, we found that the integrative densities of Per2 
mRNAA and VP mRNA were positively correlated in the RF group (r = 0.82; P < 0.01), 
whereass no significant correlation could be found between Perl and VP mRNA (r=-
0.126;; P = 0.75). 
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Figuree 5: Direct effect of time-restricted feeding for 2 hours (from CT4 to CT6) on Perl (A), 
Per2Per2 (B) and VP (C) gene expression in the SCN. Significant differences of density from RF 
(closedd squares) versus AL (open circles) groups are indicated by **  for P < 0.01. 
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Discussion n 

Thee present results show that 5 days after an abrupt 8-h advance of the L/D cycle, the 

incompletee recovery of clock outputs, such as the melatonin rhythm, is associated 

withh desynchronised expression of Perl and Perl genes in the dorsal and ventral SCN 

subsets.. Unfortunately, no specific subpopulation of SCN cells could be attributed to 

eitherr the onset or offset of the nocturnal melatonin peak, but the complete absence 

off  melatonin release (in the RFs animals) correlated with a continuous expression of 

thee Per2 gene in the dorsal part of the SCN. In addition, the present results show that 

PerlPerl expression in the SCN is sensitive to feeding conditions and that there is a close 

relationn between the expression of the Perl and VP gene in the SCN. 

SpatialSpatial and temporal distribution of Perl and Perl gene expression in the SCN 

Underr entrained conditions the acrophase of Perl and Perl gene expression occurs 
duringg the light period, and the expression of both genes is mainly restricted to the 
dorsomediall  part of the SCN, as described previously also by others (Shigeyoshi et 

al,al, 1997; Yan et al, 1999; Reppert & Weaver, 2001; Dardente et al, 2002). Also some 
minorr expression of the Per genes was found in the ventrolateral part of the SCN dur-
ingg the first half of the light period, as recently described for the protein expression of 
PerlPerl (Beaule et al, 2003). In ad libitum conditions, the 8-h advance of the L/D-cycle 
affectedd the expression pattern of both Perl and Perl genes in the SCN in a similar 
way.. Indeed, the ventrolateral expression of both Per genes becomes more apparent 
andd is concentrated in the new lighting period. The ventral expression of Perl was 
alreadyy observed at CTs 10, while its dorsal expression was mainly restricted to CTs22. 
Similarly,, expression of the Perl gene in the ventral SCN peaked at CTs 10, while the 
dorsall  expression was strongest at CTs22, CTs2 and CTs6, i.e. the ventrolateral part 
off  the SCN seems to shift faster towards the new time-point of the acrophase than 
thee dorsomedial part of the SCN (Figs.1 and 2). This phenomenon, as also observed 
byy Nagano et al. (2003) for Perl gene expression, is probably a consequence of light 
exposuree in the preceding days at the time of the original dark period. Since light-
inducedd Perl mRNA in the rat SCN is spatially limited to the ventrolateral part of the 
SCNN (Shigeyoshi et al.y 1997; Yan et al, 1999; Miyake et al, 2000), and since vasoac-
tive-intestinal-polypeptidee and gastrin-releasing peptide, both specifically expressed 
inn the ventrolateral part of the SCN, play a role in mediating photic entrainable 
signalss to the dorsomedial part of the SCN (Watanabe et al, 2000; Aida et al, 2002; 
Dardentee et al, 2002), we can imagine that the light-induced activation of the vent-
rolaterall  SCN wil l cause the dorsolateral SCN to phase-shift. This phenomenon can 
explainn the delay of phasing of the two cell subsets of the SCN after an abrupt phase 
shift.. In agreement with previous studies (Reddy et al, 2002; Nagano et al, 2003), 
thee results of the present study also show that 5 days were not enough for a complete 
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resynchronisationn of the SCN cells to an 8-h phase-advance of the L/D-cycle. How-
ever,, although the daily rhythm of Per gene expression did not completely shift within 
55 days, the quantification study did reveal the presence of a new peak of expression 
forr both Per genes. Interestingly, due to the strong expression in the ventrolateral 
SCN,, total SCN expression of both Per genes didd exhibit a significant peak 8-h apart 
fromm the pre-shift peak times. Strikingly, the phase-shifting of Per genes expression 
observedd in the present study seems to have occurred according to a delay process 
sincee it is more similar to the pattern of Perl gene expression observed by Nagano 
etet al. (2003) after a 10-h phase-delay of the L/D cycle than the one observed after a 
6-hh phase-advance of the L/D cycle. Illnerova et al (1987) have shown that after an 
8-hh phase-shift of the L/D cycle, the activity rhythm of the main enzyme responsible 
forr melatonin synthesis, arylalkylamine-JV-acetyltransferase, adjusts within 5 cycles 
too the advance shift but within only one cycle to the delay shift. The fact that in the 
presentt study no clear rhythm of melatonin can be measured after 5 cycles confirmed 
thereforee that we actually applied a phase advance and not a phase delay. In order to 
realisee the advance of the L/D cycle, Nagano et al. (2003) shortened the dark period, 
whereass in the present study we decided to shorten the light period in order to follow 
ourr previous experimental protocol (Kalsbeek et al, 2000a). In addition, in order to 
preventt any influence of light on Per genes expression we additionally put the rats 
inn constant darkness on D5. Taken together these results suggest that although both 
methodss (shortening of the night period or shortening of the day period) lead to an 
8-hh advance of the L/D-cycle, the subsequent SCN mechanisms involved may differ 
considerably. . 

Inn animals habituated to a time-restricted feeding regime, the 8-h advance induced 
ann even more pronounced disruption of Per gene expression. Ventral expression of 
PerlPerl and Perl genes could be seen at CTs6 and CTslO and at CTs2, CTs6 and CTslO, 
respectively,, while for both genes expression in the dorsal SCN was seen throughout 
thee L/D cycle. Besides, the quantification study clearly exposed the differential ef-
fectt of the RF regimen on Perl versus Perl expression in the SCN. Indeed, except for 
thee CTslO time point, the effects of prior AL and RF feeding after an 8-h phase-shift 
weree almost identical for the Perl gene expression in the SCN, but clearly different 
forr Perl gene expression. In AL fed animals Perl expression showed a clear daily 
rhythm,, whereas in the RF animals such a daily rhythm was completely absent. In 
fact,, the differential effect of restricted feeding conditions on Perl expression already 
becamee apparent before the 8-h phase-advance. Animals adapted to a restricted feed-
ingg protocol for 3 weeks showedd a clear advance, close to significance, of the Perl gene 
expressionn peak as compared to AL fed animals, whereas no significant differences 
couldd be detected for Perl gene expression (Fig.5A and 5B). Therefore, habituation to 
thee restricted feeding regime may induce a delay in the resynchronisation of the SCN 
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too the new L/D cycle by the changes it induces in the rhythm oïPer2 gene expression. 

Indeed,, Per2 gene expression would first have to recover from the phase-advance in-

ducedd by the restricted feeding, before being able to adapt to the new L/D cycle. Perl 

genee expression, not affected by the feeding regime, may therefore shift faster. 

ClockClock outputs 

Thee spatial and temporal expression of Per genes was clearly affected by the 8-h ad-
vancee phase-shift in ad libitum and in restricted feeding conditions. However, we 
weree unable to correlate the presence of a specific subpopulation of SCN neurons 
withh the onset and/or offset of the melatonin peak after such a shift. Also, within 
onee experimental group, no clear difference could be noticed in the distribution 
patternn of Per genes expression, despite clear differences in their plasma melatonin 
concentration.. Nevertheless, two observations might give more information on the 
neuroanatomicall  substrate responsible for the control of the melatonin rhythm. First, 
duringg the nocturnal period before the shift, when melatonin synthesis is high, Per 

geness expression could be seen in a few neurons located in the central part of the 
SCNN (Fig.1). While investigating the spatial and temporal regulation of the mitogen-
activatedd protein kinase (MAPK) phosphorylation in the mouse SCN, Nakaya et al. 

(2003)) also noticed the presence of a subpopulation of neurons in the central part of 
thee SCN that especially became active during the night. Although the present results 
doo not allow any definitive conclusions yet, we propose that the neurons showing Per 

genee expression and MAPK phosphorylation in the central part of the SCN during 
thee night are responsible for the glutamatergic SCN output to PVN-pineal gland axis, 
thatt is necessary to stimulate the nocturnal synthesis and release of melatonin. The 
secondd observation concerns the Per gene expression in the dorsal SCN, which is 
highh during the light period (when melatonin synthesis is low) and absent during the 
darkk period (when melatonin synthesis is high). After the 8-h phase-advance of the 
L/DD cycle, melatonin is low in all the animals of the RF group. This around-the-clock 
inhibitionn of melatonin release coincides with a clear and continuous expression of 
bothh Per genes in the dorsal SCN. It is tempting to speculate that the absence of "ac-
tivity ""  in the dorsal part of the SCN is a prerequisite for the synthesis and release of 
melatonin.. During day-time, both Perl and Perl genes are mainly expressed in VP-
containingg cells of the dorsomedial part of the SCN (Hamada et al, 2001; Dardente et 

al,al, 2002; Yan & Okamura, 2002). In addition, there is a close match between the daily 
rhythmm of Per gene expression and the release of VP from SCN terminals (Kalsbeek 
etet al, 1995). Moreover, part of the VP-containing SCN neurons also produces GABA 
(Buijss et al, 1995), which is used by the SCN to inhibit daytime melatonin release 
(Kalsbeekk et al, 2000b). Therefore, it is likely that the continuous "activity" of neu-
ronss in the dorsal part of the SCN prevents the synthesis and release of melatonin as a 
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consequencee of the continuous inhibition of pre-autonomic PVN neurons by GABA 
releasee from the SCN terminals. 

Otherwise,, the present study revealed a close and specific relation between Perl gene 
expressionn and VP mRNA content in the SCN. Although also present in ad libitum 

conditions,, this correlation became especially apparent during the RF conditions and 
afterr the 8-h phase advance. In the pre-shift ad libitum conditions, VP gene expres-
sionn within the SCN showed a clear daily rhythm with a peak of expression during the 
secondd part of the daytime period (ZT10) as reported many times before (Burbach 
etet al, 1988; Carter 8c Murphy, 1992; Cagampang et al, 1994). Five days after the 8-h 
phasee advance, peaks of VP, as well as Perl and Per2 expression were found during the 
"new""  light period in the ALs animals. However, in the RFs animals only Perl, but not 
VPP or Perl, showed a peak during the "new" light period. Moreover, also in the RF 
animalss before the shift a close correlation was found between the expression of Perl 

andd VP. Like Perl gene expression, but unlike Perl, VP mRNA content in the SCN was 
stronglyy increased just after the feeding period (ZT6) and significantly decreased 4-h 
later,, indicating a 4-h phase-advance of the expression of both genes (Fig. 5B & 5C). 
Inn fact, the phase-advance of VP mRNA expression in the present study fits nicely with 
thee earlier arrest of SCN-VP release as observed in our previous microdialysis study 
usingg the same RF feeding paradigm (Kalsbeek et al, 1998). Interestingly, the present 
resultss show that a 2-h restricted feeding regime affects the SCN activity by acting 
specificallyy on Perl and VP gene expression. Therefore, although the SCN is not sup-
posedd to be necessary for the anticipatory changes in behaviour and physiology ac-
companyingg the restricted feeding regimen (Inouye, 1982; Damiola et al, 2000; Hara 
etet aly 2001; Wakamatsu et al, 2001), it seems likely that feeding behaviour does feed 
backk to the SCN. In the present study the food restriction caused an arrest of the body 
weightt increase, in contrast to the study of Wakamatsu et al (2001), but they allowed 
aa 4-h feeding period. Apparently our animals are more food deprived, and therefore 
shouldd be compared with rats under slight caloric restricted feeding in which SCN 
activityy is also affected (Challet et al, 2003). On the other hand, the present results are 
inn agreement with other earlier studies that also provided indications for a feedback 
actionn of feeding behaviour on SCN activity (Inouye, 1982; Murakami & Takahashi, 
1983;; Kalsbeek et al, 2000a). Moreover, Miki et al (2003), recently demonstrated, 
usingg parenteral nutrition in rats, that feeding is able to affect Perl gene expression in 
thee liver as well as in the SCN. At present it is not clear how the feedback to the SCN 
iss effectuated. Recent results, however, indicate that this feedback might be mediated 
byy other (cortical) brain areas that do show a phase-shift as a consequence of the RF 
(Wakamatsuu et al, 2001; Dudley et al, 2003; Vansteensel et al, 2003). Regarding the 
presentt results, showing a close relation between VP and Perl genes expression, it is 
likelyy that the dorsal part of the SCN is the most affected by feeding. 
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Inn conclusion, the present study provides indications that the dorsal and central 

subdivisionn of the SCN contain the neurons responsible for controlling the offset 

andd onset of melatonin release, respectively. In addition, next to the close correlation 

betweenn the expression of the Perl and VP gene, the present study also revealed a 

clearr feedback action of feeding activity on the activity of SCN neurons. This feedback 

actionn of feeding activity nicely compares with the recently shown feedback action of 

sleepp on SCN activity (Deboer et al, 2003). Moreover the present results show that 

thiss feedback may target only specific parts of the molecular machinery of the circa-

diann clock, i.e. VP and Per2, but not Perl. 
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