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at the photosensitive point (CT14), the administration of 
L-16504, a specific agonist of PPARβ/δ, amplified the phase 
delay of the locomotor response induced by a light pulse. 
Taken together, these data suggest that PPARβ/δ activation 
modulates glutamate release that mediates entrainment of 
the circadian clock by light.
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Introduction

Nuclear receptors represent the largest family of transcrip-
tion factors. Members of the nuclear receptor superfamily, 
the peroxisome proliferator-activated receptors (PPARs), 
have been previously described as lipid sensors, which 
bind fatty acids and initiate their subsequent metabolism 
[1]. Long-chain unsaturated fatty acids and their metabolic 
derivatives are natural PPAR ligands, and their expression 
levels undergo changes that correspond to the nutritional 
status. In vertebrates, three different isotypes have been 
described, PPARα, PPARβ/δ, and PPARγ, with distinct pat-
terns of tissue distribution (liver, adipose tissue, heart, mus-
cle) consistent with their specific functions in the regulation 
of energy metabolism [2].

In peripheral tissues, PPAR expression exhibits daily 
rhythms. Moreover, these rhythms display characteristic, 
yet distinct, tissue-specific patterns [3]. Furthermore, all of 
the PPARs cycle in the liver [4, 5]. For example, PPARα  
and δ cycle in brown adipose tissue, and PPARα and γ  
in white adipose tissue. It has been suggested that these 
oscillations correlate with a known function of PPARs. For 
example, in mice, expression levels of PPARα are higher 
during the light phase when they are in a fasting state that 
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function as transcription factors that regulate gene expression 
in numerous biological processes. Although the PPARβ/δ 
subtype is highly expressed in the brain, its physiological 
roles in neuronal function remain to be elucidated. In this 
study, we examined the presence of PPARβ/δ in the mas-
ter circadian clock of the Syrian hamster and investigated 
its putative functional role in this structure. In mammals, 
the central circadian clock, located in the suprachiasmatic 
nucleus (SCN), is entrained by the light–dark (LD) cycle  
via photic6 signals conveyed by a direct pathway whose 
terminals release glutamate. Using immunocytochemical 
and qRT-PCR analysis, we demonstrated that the rhyth-
mic expression of PPAR β/δ within the SCN of hamsters 
raised under an LD cycle was detectable only at the tran-
scriptional level when the hamsters were maintained under 
constant darkness (DD). The increase in the number of 
immunoreactive PPARβ/δ cells observed under DD after 
light stimulation during the early subjective night (CT14), 
but not during the subjective day (CT06), demonstrated that 
the expression of PPARβ/δ can be up-regulated according 
to the photosensitive phase of the circadian clock. All of the 
PPARβ/δ-positive cells in the SCN also expressed the gluta-
mate receptor NMDAR1. Moreover, we demonstrated that 
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requires ketone bodies and are low at night when feeding 
provides hexose sugars as a primary fuel source [3]. To our 
knowledge, such a daily rhythm of PPAR expression has 
not yet been reported in the brain and notably in the central 
circadian clock that exhibits daily rhythm in energy metabo-
lism, and in which we previously demonstrated that defi-
ciency in polyunsaturated fatty acids modulates metabolic 
activity [6].

All of the PPARs are co-expressed in the nervous sys-
tem during rat embryogenesis. The expression of PPARβ/δ 
peaks during late development, which coincides with 
the onset of myelination [7]. Although PPARβ/δ remains 
highly expressed [8], the expression of PPARα and PPARγ 
decreases postnatally in brain [7]. In adults, PPARβ/δ 
is expressed throughout the brain, including the hypo-
thalamus, while PPARα and PPARγ are localized to more 
restricted brain areas [9]. Because PPARs are able to sup-
press the inflammatory response in peripheral macrophages 
[1], most brain-related studies have investigated the putative 
role of PPARs in inflammatory brain disorders. The sus-
tained expression of PPARβ/δ in the adult central nervous 
system suggests that it plays a major role in physiological 
functions. In this study, we looked for the expression of 
PPARβ/δ in the Syrian hamster master clock.

In mammals, the central circadian clock is located in the 
suprachiasmatic nuclei (SCN) of the ventral anterior hypo-
thalamus. The SCN, which is entrained directly by the light–
dark (LD) cycle, is proposed to synchronize slave oscillators 
in peripheral tissues by neuronal and hormonal mechanisms 
[10–12]. This allows animals to adapt their behavioral and 
physiological activities to daily changes in the environment. 
The photoperiodic signal is conveyed by the retinohypotha-
lamic tract (RHT), a direct pathway linking a population of 
retinal ganglion cells to the SCN, whose terminals release 
glutamate [13, 14]. Under constant conditions (e.g., con-
stant darkness), rhythms persist with a period that is close 
to 24  h, which demonstrates autonomous functioning of 
the circadian clock. A hallmark of circadian timing is that 
the clock responds to resetting signals in a phase-restricted 
manner. The temporal responses of the clock to light are 
represented as photic phase shifts.

Based on the intrinsic properties of the central clock, 
we investigated the putative functional role of PPARβ/δ in 
this structure. Using qRT-PCR and immunocytochemical 
analyses, we examined the distribution of PPAR β/δ within 
the SCN of hamsters raised under the LD cycle or main-
tained under constant darkness. Furthermore, we investi-
gated whether the PPARβ/δ-positive cells of the SCN were 
light-responsive. To determine whether PPARβ/δ may be 
involved in the photic entrainment of the circadian clock, 
we investigated whether PPARβ/δ and the glutamate recep-
tor NMDAR1 (N-Methyl-d-Aspartate Receptor) were 
expressed within the same cells of the SCN and studied the 

effects of a PPARβ/δ agonist on the phase-shifting response 
to light stimulation.

Materials and methods

Ethical approval

All of the experiments were performed according to the 
guidelines of the French National Committee for Animal 
Care and the European Convention of Vertebrate Animals 
Used for Experimentation, under the European Council 
Directive 86/609/EEC (dated November, 1986). In addi-
tion, all efforts were made to minimize the number, pain 
and amount of discomfort to the hamsters.

Animals

Syrian hamsters (Mesocricetus auratus) were raised in our 
colony under a 14/10 h light/dark (LD) cycle, (lights off at 
1:00 p.m. and on at 11:00 p.m.) at 23 ± 1 °C. The hamsters 
had free access to food and water, and only male progeny 
were used for this study. Fifty-six males maintained under 
the LD cycle constituted the LD group. The experimental 
manipulations were timed relative to the light/dark transi-
tion (L/D), which was conventionally defined as Zeitgeber 
time 12 (ZT 12). For the rhythmic expression studies, the 
hamsters were killed at six different time points during the 
daily cycle over a 24-h period. Furthermore, 30 other ham-
sters were housed from weaning and for one month under 
constant darkness (DD group). At least 2  weeks prior to 
killing, the hamsters were moved into individual cages that 
were equipped with running wheels. The wheel rotation was 
recorded using VitalView software (Mini Mitter Co., Sun-
river, OR, USA) to determine the phase of the clock at the 
time of killing. For each animal kept under DD, the onset 
of activity was defined as circadian time 12 (CT 12), cor-
responding to the beginning of the “subjective night” for 
the nocturnal animals. The rest phase corresponded to the 
“subjective day.” PPARβ/δ variations under DD were only 
examined at two time points where the highest and the  
lowest expressions were observed under the LD cycle. 
Moreover, to determine whether PPARβ/δ cells may be light-
responsive, we performed experimental studies examining 
PPARβ/δ expression after 1  h of light (100 lux) at ZT14, 
CT06 and CT 14. At CT14, we also studied the relationship 
between light-induced c-Fos [13] and PPARβ/δ expression.

Next, we investigated the modulatory effects of the 
specific PPARβ/δ agonist (L-165,041, Tocris) and antago-
nist (GSK3787, Tocris) on the photic phase response. The 
L-165,041 and GSK3787 were dissolved in vehicle (0.1 % 
hydroxyethyl cellulose with 1  % Tween80). Thirty min 
before CT14, vehicle, L-165,041 or GSK3787 (10 mg/kg) 
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was orally administered (p.o.). The hamsters were randomly 
selected and assigned to different groups: vehicle only, vehi-
cle + 15 min light pulse (100 lux), L-165,041 or GSK3787 
only, or L-165,041 or GSK3787 + 15 min light pulse. The 
phase-shift was calculated as the difference between the two 
lines fitted to the circadian onsets before and after treatment, 
considering eight cycles before and after treatment, respec-
tively (Clocklab software, Actimetrics, Evanston, IL, USA).

mRNA analysis

The hamsters were killed by decapitation, and their brain 
was quickly removed. The SCN was dissected on ice and 
frozen using liquid nitrogen. Total RNA was isolated from 
3 to 5 mg of the suprachiasmatic nucleus from the Syrian 
hamster using the mir Vana miRNA isolation kit (Qiagen, 
Courtaboeuf, France), in the absence of a DNase digestion 
step, and was performed according to the manufacturer’s 
instructions. The concentration and purity of the eluted 
total RNA were confirmed by the relative UV absorbance 
as expressed by the A260/A230 and A280/A260 ratios (Bio-
photometer, Eppendorf SARL, France).

Real-time RT-PCR

The cDNA was prepared from 1 μg total RNA using the 
High-Capacity cDNA Reverse Transcription kit (Applied 
Biosystems, Courtaboeuf, France) and a mixture of oligo-
dT and random hexamers as primers, and then diluted with 
nuclease-free water (1:50, v/v).

The mRNA levels of PPARβ/δ and 18S RNA were meas-
ured with real-time RT-PCR using an ABI Prism 7000 
Real-Time PCR System (Applied Biosystems, Courtaboeuf, 
France) and the cDNA was amplified in a 25 μl sample vol-
ume containing SYBR Green PCR Master Mix, and 300 nM 
concentrations of specific primers (Applied Biosystems, 
Courtaboeuf, France) as recommended by the manufacturer.  
Each measurement was performed in triplicate and repeated. 
18S was used as an internal control to assess the efficiency 
of the RT-PCR and subsequent normalization. The data 
were analyzed with the comparative cycle threshold (Ct) 
method: the expression of PPARβ/δ was normalized to the 
expression of 18S RNA and normalized to ZT18 as a cali-
brator to generate the ΔΔCt values. The relative quantities 
(RQ) were calculated with the equation: RQ = 2−∆∆Ct.  
∆∆Ct = ∆Ct sample − ∆Ct reference.

Primers for PPARβ/δ and the housekeeping gene 18S 
RNA were designed with Primer Express 2.0 (Applied Bio-
systems) according to the general guidelines for optimal 
primer design. All of the selected primers were tested for 
specificity by BLASTN searches. The primer sequences for 
PPARβ/δ and 18S RNA were based on sequences obtained 
from PubMed; NM_013141 and X03205, respectively. The 

primer sequences were as follows: PPARβ/δ, AGAAGGGC 
CTGGTGTGGAA (5), AGGGTCACCTGGTCGTTGAG 
(4) and 18S RNA, CCTGGATACCGCAGCTAGGA (3), 
CGGCCGTCCCTCTTAATCAT (4). The specificity of the 
PCR amplification for each primer pair was analyzed on an 
agarose gel and confirmed to give a single amplicon of the 
correct size (173 and 91 base pairs, respectively). In addi-
tion, the primers were only used when they produced a sin-
gle amplicon as revealed by a dissociation curve analysis 
after PCR.

Immunohistochemistry methods

All of the animals used for immunohistochemistry were 
deeply anesthetized with sodium pentobarbital (120 mg/kg)  
and intracardially perfused with 0.9 % saline at 37 °C fol-
lowed by 4 % cold paraformaldehyde in 0.1 M PBS at pH 
7.4. The brains were removed, postfixed in the same fixa-
tive for 4 h and cryoprotected in 30 % sucrose (in 0.1 M 
PBS). Serial 30-μm coronal sections were cut on a freezing 
microtome. Under darkfield illumination, the sections were 
selected to ensure that they overlapped with the entire SCN.

For ultrastructural examination, the hamsters were per-
fused with a 4 % paraformaldehyde-0.075 M l-Lysine-0.01 M 
sodium metaperiodate solution in 0.1  M phosphate buffer. 
After dissection, the brains were postfixed overnight at 4 °C 
in the same fixative. Serial 50-μm coronal sections were then 
obtained using a vibratome (Leica VT1000S) and selected as 
described above.

PPARβ/δ immunodetection

To inhibit the endogenous peroxidase activity, free-floating 
tissue sections were placed in a solution of hydrogen perox-
ide (0.5 % for 30 min). Non-specific binding was blocked 
by 5  % normal donkey serum in phosphate buffer saline 
containing 0.3 % Triton X 100 (PBST) for 1 h at room tem-
perature. After washing in PBST, the sections were incu-
bated for 72  h at 4  °C with a polyclonal rabbit PPARβ/δ 
antibody (1:500 dilution; Santa Cruz sc-7197, CA, USA). 
The sections were washed extensively with PBST and then 
incubated overnight at 4 °C with a biotinylated anti-rabbit 
antibody (1:400 dilution; Jackson). Immunohistochemical 
localization was determined using the avidin–biotin per-
oxidase complex method (ABC kit; Vector Laboratories) 
diluted at 1:100 in PBS for 1 h. The sections were washed 
for 30 min prior to their reaction with 3,3′-diaminobenzi-
dine tetrahydrochloride as a chromogen (0.02  % in PBS 
with 0.1 % hydrogen peroxide) for 10 min.

For ultrastructural analysis, the sections were subjected 
to the same protocol, but the TritonX 100 step was omitted. 
Once the DAB reaction was completed, the sections were 
postfixed in 1 % OsO4 in 0.1 M phosphate buffer, contrasted 
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“en bloc” with 1 % uranyl acetate, dehydrated in a graded 
series of ethanol and flat-embedded in Epoxy resin. Ultrathin 
sections (70 nm) were collected on copper grids, contrasted 
with lead citrate and observed with a Zeiss EM902 electron 
microscope operated at 80 kV (MIMA2–Plateau de Micros-
copie Electronique, Jouy-en-Josas, France).

The specificity of the PPARβ/δ antibody was confirmed 
by omitting the primary antibody and by Western blotting to 
ensure that the protein was detected and was of the correct 
size in the subcellular compartments, including the cyto-
plasm, plasma membrane and cellular nuclei. The antibody 
recognized a single band at 54  kD, predominantly in the 
nuclear fraction (Fig.  1a). Moreover, the electron micros-
copy study localized PPARβ/δ at the neuronal nuclear mem-
brane position (Fig. 1c).

Combined immunodetection of PPARβ/δ with NMDAR1  
or c-Fos in the SCN

The immunolabeling of PPARβ/δ and NMDAR1 was per-
formed in hamster tissue at ZT06 and ZT14. Furthermore, 
the immunolabeling of c-Fos and PPARβ/δ was processed in 
hamsters exposed to a light pulse (100 lux) at CT 14 for 1 h.

Free-floating sections were blocked with a mixture of 
10 % horse serum and PBST for 1 h at room temperature. 
Double-immunolabeling was performed in subsequent 
steps. The sections were first incubated in the PPARβ/δ 
antibody (1:500 dilution; Santa Cruz Biotechnology, CA, 

USA) diluted in PBST for 48 h at 4 °C, followed by a sec-
ondary fluorochrome-conjugated antibody (donkey anti-
rabbit Alexa-Fluor 488, Invitrogen, France) in PBS for 
2–3 h. Next, the sections were processed in the same way 
with the polyclonal rabbit anti-NMDAR1 (1:400 dilution, 
Abcam, Cambridge) or polyclonal goat anti-c-Fos (1:100; 
SantaCruz Biotechnology, CA, USA) and were visualized 
with secondary fluorochrome-conjugated antibodies (don-
key anti-rabbit Alexa-Fluor 589 or donkey anti-goat Alexa-
Fluor 556, respectively, Invitrogen, France). Each step was 
followed by washing with PBS three times for 1 h at room 
temperature. The sections were then analyzed with a Zeiss 
ApoTome using Structured Illumination (MIMA2 Platform, 
INRA Jouy-en-Josas, France).

Quantification of PPARβ/δ-positive cells

In each group, 18 sections per SCN were examined in all 
of the animals. The number of PPAR-immunopositive cell 
nuclei was counted using the Mercator software from the 
Explora Nova image analysis system (La Rochelle, France). 
Only the uniformly dark-stained nuclei and pycnotic dark-
brown nuclei (well above the basal background staining of 
the surrounding tissue) were mapped and used for quantita-
tive analysis.

The data were treated as follows: (1) the number of 
PPAR-Ir cells in each SCN was estimated by counting 
the number of labeled cells in the 18 SCN sections; (2) 

Fig. 1   Immunodetection 
of PPARβ/δ in the hamster 
suprachiasmatic nucleus (SCN). 
a Specificity for the PPARβ/δ 
antibody was verified in two 
hamster cerebral areas (cerebel-
lum and cortex) using Western 
blotting, which showed the 
nuclear localization of the pro-
tein, and in the liver. b A repre-
sentative coronal section in the 
mid-SCN of an adult hamster 
killed during the light phase. 
Immunoreactivity was observed 
throughout the rostro-caudal 
extent of the SCN with a higher 
density in the ventro-median 
part. c An electron microscopy 
immunolabeling of PPARβ/δ 
(indicated by the arrows), was 
only observed in the nuclei of 
the neurons in the SCN. IIIV 
third ventricle, OC optic chiasm
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the number of PPAR-Ir cells, according to their dorso-
ventral distribution, was studied throughout each SCN by 
counting the number of labeled cells in the superior third 
(dorsal area) and in the inferior two-thirds (ventro-median 
area) of the SCN; (3) the mean number of PPAR-Ir cells 
at a given time was calculated by averaging the values 
obtained from the animals killed at the same circadian 
time point.

Statistical analysis

The effects of the time of killing or light stimulation were 
analyzed by a non-parametric one-way ANOVA followed 
by the post hoc Tukey test to test the linear contrasts. The 
effects of light and drug on the phase shift were analyzed 
by a two-way-ANOVA followed by a Tukey test. All of the 
analyses were performed using SigmaStat software (version 
2 for Windows).

Results

PPARβ/δ expression in the hamster SCN

Evidence of a daily rhythm

PPARβ/δ-immunoreactivity (Ir) showed a nuclear localiza-
tion in neurons of the SCN, cerebellum and cerebral cor-
tex (Fig. 1a, b). An electron microscopy study showed that 
immunolabeling in the SCN was only observed in the nuclei 
of neurons (Fig. 1c). A dense pool of PPARβ/δ-positive cells 
was found throughout the rostro-caudal extent of the SCN and 
particularly in the ventro-median part (Fig. 1b). The animals 
killed at the six different time points of the 24-h period exhib-
ited various patterns in the number and distribution of the 
PPAR-Ir cells within the SCN (Fig. 2a). Because the highest 
contingent of PPARβ/δ cells was in the ventro-median por-
tion of the SCN, we independently counted the cells from the 

0,6

0,9

1,2

1,5

1,8

2,1

2,4

R
el

at
iv

e 
qu

an
tit

ie
s

14 18 0222 06 10

ZT (hours)

b

a

ab

ab
ab

ab

C

ZT14 ZT18 ZT02ZT22 ZT06 ZT10

A

1300

1600

1900

2200

2500

ZT (hours)

Ventro-median SCN

14 18 0222 06 10

b

ab

b

a

b

ab

0

200

400

600

N
b 

of
 P

P
A

R
-I

r 
ce

lls

14 18 0222 06 10

b
b

b

b

a

b

ZT (hours)

Dorsal SCNB

Fig. 2   Spatio-temporal expres-
sion of PPARβ/δ in the hamster 
SCN. a A superimposed map 
of the immunolabeled neurons 
plotted in each section through-
out the SCN of a representative 
hamster for each of the six time 
points over a 24-h period. b 
The variation in the number of 
immunoreactive neurons in the 
dorsal (1/3 higher) and ventro-
median part (2/3 lower) of the 
SCN over the light–dark (LD) 
cycle as demonstrated by a peak 
of immunoreactivity observed 
at ZT06. c The daily mRNA 
expression exhibited a similar 
profile to that of proteins. ZT 
Zeitgeber time, ZT12 = light/
dark transition. The grey area 
delineates the dark phase. The 
values are presented as the 
mean ± SEM (n = 4 or 5). a, b 
Significant difference between 
the different killing times 
(p < 0.05, one-way ANOVA)



2008 E. Challet et al.

1 3

ventral and dorsal areas, as illustrated in Fig. 2a. The number 
of PPAR cells increased at the light onset only in the ventral 
part of the SCN, peaked at ZT06 (2,571 ± 342) and decreased 
at the end of the light phase (Fig. 2b). The number of PPARβ/
δ-Ir cells was highest at ZT06 not only in the ventral part (i.e., 
in the region where VIP cells are found), but also in the dorsal 
part (i.e., in the region containing vasopressin-positive cells) 

where the number of labeled cells reached 413 ±  121 and 
varied between 228 ± 76 and 80 ± 15 at the other time points. 
The pparβ/δ mRNA expression also exhibited a similar daily 
profile (Fig. 2c).

As previously described [8], the detection of PPARβ/δ 
was not restricted to the SCN but was also observed in the 
cerebellar Purkinje cells, hippocampal and cortical pyrami-
dal cells, in the paraventricular and supra-optic nuclei, and 
was more dispersed in other areas of the hypothalamus. 
Importantly, the number of labeled cells in the latero-ante-
rior hypothalamic nuclei remained constant over the LD 
cycle (data not shown).

In animals that were maintained from weaning under 
DD, the number of PPARβ/δ immunoreactive cells was 
strongly reduced (by 48 and 30  % at CT06 and CT14, 
respectively), and no difference between CT06 and CT14 
was detected (1,343 ± 182 vs. 1,270 ± 227, respectively, 
Fig. 3a), whereas the mRNA expression exhibited signifi-
cant variations that were similar to those observed in LD 
(Fig. 3b). These data suggest that pparβ/δ mRNA expres-
sion is a feature related to the endogenous function of the 
SCN, while PPARβ/δ protein expression is modulated by 
the light environment.

The effects of light on PPARβ/δ are time-dependent

A 1-h light pulse applied at early nighttime induced a dra-
matic increase [65 % at ZT14 (Fig. 4a) and 116 % at CT14 
(Fig. 4b)] in the number of PPARβ/δ cells in the SCN, whereas 
the same stimulation produced no effect at CT06, where 
the number of labeled cells remained low (1,495  ±  338) 
(Fig. 4b). The difference in the light effects observed between 
CT14 and CT06 (2,755 ± 506 vs. 1,495 ± 338 respectively, 
Fig. 4b) indicates that PPARβ/δ expression is dependent on 
the circadian photosensitivity of the SCN.

Characterization of PPARβ/δ-positive cells

Most PPARβ/δ cells expressed NMDAR1 (Fig.  5a–d), 
independent of time, ZT06 (Fig.  5c, d) or ZT14 (Fig.  5a, 
b), which suggests that PPARβ/δ is activated in cells that 
are sensitive to glutamate stimulation. Moreover, cells that 
expressed light-induced c-Fos were nearly all PPAR-posi-
tive; however, all of the PPAR-cells were not c-Fos-positive 
(Fig. 5e, f). These observations support a role of PPARβ/δ in 
the photic entrainment of the circadian clock.

A PPARβ/δ agonist (L-165,041) increases the phase  
shifting effect of light

We tested the hypothesis that PPARβ/δ activation modu-
lates the photic signal to the SCN. The magnitude of the 
phase shifting in response to a 15-min light pulse at CT14 
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(−0.83 ± 0.1 h) was significantly (+60 %) augmented in 
the L-165,041-treated group (−1.32 ± 0.34 h). In contrast, 
the light-induced phase shift was not reduced significantly 
by the PPARβ/δ antagonist GSK 3787 (−20 % of the con-
trol group; data not shown). Administration of vehicle or 
L-165,041 in the animals maintained in darkness did not 
produce any significant shifting response (Fig.  6). These 
results indicate that PPARβ/δ activation amplifies the SCN 
response to light stimulation, which suggests a role of 
PPARβ/δ in the regulation of photic stimulation of the cir-
cadian clock.

Discussion

Our results provide the first evidence for the presence of 
PPARβ/δ in the hamster SCN and the first demonstration that 
PPARβ/δ expression can be induced by glutamate stimula-
tion. Previous studies have reported links between the PPAR 
signaling pathway and clock genes in peripheral clocks  
[3, 4, 15, 16] and have mainly explored the role of PPARs 
as key regulators of energy metabolism and potential media-
tors of the entrainment effect of feeding schedules [17, 18]. 
In this study, we provide new insights into the functional 
role of PPARβ/δ in the master clock located in the SCN.

Characteristics of PPARβ/δ expression in the SCN

The rhythmic expression of PPARβ/δ mRNA and protein 
exhibited similar profiles under LD. The expression was 
characterized by an increase before the dark/light transition, 
attained a maximum in the middle of the light phase (i.e., at 
ZT06) and declined before lights off. PPARβ/δ is predomi-
nantly expressed in the ventro-median region of the SCN, 
where the terminal field of the (glutamatergic) retinohy-
pothalamic afferences project [19]. To investigate whether 
this rhythmic expression was dependent on the light envi-
ronment and/or resulted from the endogenous functioning 
of the circadian clock, the hamsters were maintained under 
constant darkness. We demonstrated that the ppar β/δ tran-
script continued to exhibit circadian variations, whereas sur-
prisingly the protein levels did not, and that the number of 
PPARβ/δ-Ir cells at the two time points studied (i.e., CT06 
and CT14) was strongly reduced and became equivalent to 
the daily trough under LD cycle. By sampling only two CTs, 
we cannot fully exclude the possibility that the circadian 
peak of PPARβ/δ-Ir would take place later than CT6 (i.e., 
with a delay compared to the peak of mRNA occurring at 
that time-point).

To verify the potential action of light on the expression 
of PPARβ/δ, we applied a 1-h light pulse in early nighttime 
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(ZT14) and found a 60  % increase in the number of 
PPARβ/δ-Ir neurons (Fig.  4a). Importantly, this response 
to light does not result from passive or direct modula-
tion of light on PPARβ/δ expression. First, the same light 
pulse led to overexpression of SCN PPARβ/δ-Ir in ham-
sters raised under constant darkness when applied during 
subjective night, but not during subjective day (i.e., there 
is a circadian gating in the light-induced up-regulation of 
PPAR β/δ). Second, the high levels of PPARβ/δ expression 
in the SCN of hamsters under LD were not strictly in phase 
with the light period, but instead they anticipated it and 
finished before its end.

Moreover, the PPARβ/δ-expressing cells in the SCN were 
also positive for NMDAR1, the principal glutamate recep-
tor that mediates phase shifting of circadian rhythmicity 
by light [20, 21]. Furthermore, a large number of the cells 
co-expressed light-induced c-Fos when the hamsters were 
exposed to light in the early nighttime. Numerous studies 

demonstrated that c-Fos expression in the SCN was induced 
under light stimulation only at times associated with the 
phase shifting. Taken together, these data indicate that 
PPARβ/δ expression in the SCN is up-regulated by light, 
and most likely by glutamate release. Thus, we suggest that 
PPARβ/δ may be involved in the reception/integration of 
photic signals within the SCN.

PPARβ/δ activation signaling pathway in the SCN

PPARβ/δ is a ligand-activated transcription factor. PPARs 
are maintained in the nucleus in a repressed state by co-
repressors. Ligand binding to PPARs induces a conforma-
tional change that is essential to initiate a complex process 
that results in transcriptional activation [22]. Endogenous 
ligands include long-chain fatty acids and their derivatives 
[23–25]. Given the nuclear localization and the increase of 
PPAR β/δ-Ir under light, this provides further support for the 

Fig. 5   Characterization of 
PPARβ/δ immunoreactive (Ir) 
neurons. Combined detection of 
PPARβ/δ (green) and NMDAR1 
(red) in the ventral part of the 
SCN of the hamsters killed at 
ZT14 (a, b) and in the dorsal 
part of hamsters killed at ZT06 
(c, d); PPARβ/δ is co-expressed 
with NMDAR1 (thin arrows), 
there are a number of cells 
that only expressed NMDAR1 
(large arrows). e, f Colocaliza-
tion of PPARβ/δ (green) and 
light-induced c-Fos (red) in 
the SCN of hamsters killed at 
CT14; the c-Fos-Ir cells are 
nearly all PPARβ/δ-Ir (thin 
arrows), and the PPARβ/δ cells 
are widely distributed within the 
SCN (large arrows)
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idea that light was causing a conformational change of the 
protein, and the PPAR β/δ antibody used recognized PPAR 
β/δ transcriptionally active. Moreover, the signaling cascade 
induced by photic stimulation in the SCN may explain the 
potential mechanisms leading to PPARβ/δ activation. Indeed, 
in the SCN, RHT terminals release glutamate in response to 
light stimulation [13], which subsequently induces an influx 
of Ca2+ via the activation of the postsynaptic NMDA recep-
tors [21, 26]. The elevated [Ca2+]i activates and promotes 
the translocation of the cytosolic phospholipase A2 (cPLA2) 
to membranes [27] and results in the release of long-chain 
polyunsaturated fatty acids from membrane phospholipids, 

which mainly include arachidonic acid (AA) [28–30]. Sub-
sequently, cyclooxygenase (COX)-2 induction [31] then 
converts AA to prostaglandins. Because COX is highly 
expressed in the rat SCN [32], and AA and prostaglandins 
are natural PPAR ligands, the detection of PPARβ/δ in 
cells that also expressed NMDAR1 is consistent with the 
activation of PPAR β/δ by light possibly via cPLA2 [33]. 
Taken together, we propose that photoactivation of PPAR 
β/δ induces a conformational change in the protein, which 
then exposes the epitope recognized by the antibody used, 
and thus the increase in nuclear immunolabeling reflects the 
activation of PPAR β/δ by light.
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Fig. 6   Administration of 
L-165,041, a specific PPARβ/δ 
agonist, amplifies the light-
induced phase shift. a Rep-
resentative double-plotted 
actograms of wheel-running 
activity of four hamsters that 
were housed in constant dark-
ness DD. The animals were 
treated with vehicle (“veh”, left 
panels) or a specific PPARβ/δ 
agonist (10 mg/kg L-165,041, 
noted “ago”; right panels), 
30 min prior to a 1-h light pulse 
(100 lux indicated by a bulb) 
at circadian time 14 (upper 
panels) or not (lower panels). 
To calculate the phase shift, 
the best-fit dashed lines (white 
arrows) to the circadian onsets 
have been drawn across 8 days 
before and after the treatment. 
Black arrows day of treatment. 
b The mean-phase-shifts in 
response to vehicle (n = 4) 
or PPARβ/δ agonist (n = 4), 
to vehicle + light (n = 5) or 
agonist + light (n = 6). The 
light-induced phase-delays were 
significantly increased with the 
PPAR agonist. The values are 
presented as the mean ± SEM 
(a, b, c p < 0.05, two-way 
ANOVA)
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However, the overexpression of PPARβ/δ observed after 
1 h of light given at CT14 in the hamsters that were main-
tained under constant darkness was not triggered when the 
light was applied at CT06 during the rest phase (subjective 
day). The lack of an effect at CT06 revealed that PPARβ/δ 
protein expression exhibits a differential sensitivity to light 
over the 24-h period. Thus, the mere presence of light was 
not sufficient to explain the variations observed in PPARβ/δ 
expression over time. In addition, the intrinsic properties of 
the clock provide some understanding of PPARβ/δ activa-
tion specifically in the SCN.

Indeed, NMDARs are considered the principal glutamate 
receptors that mediate phase shifting of circadian rhythmic-
ity by light [20, 21]. A circadian variation of NMDAR1 
expression has been shown in the SCN, with higher protein 
expression levels during the night, at a time when the light 
exerts its entraining effects on the circadian clock [34]. A 
circadian oscillation in NMDA-evoked calcium transients 
has been demonstrated in the SCN [35].

Under basal conditions, the daily rhythm in resting 
[Ca2+]i levels in SCN neurons of rats maintained in the LD 
cycle show values that are significantly higher during the 
day (150 nM) than during the night (75 nM). When rats 
are placed in constant darkness, the rhythm continues to 
be observed [36]. The rhythm in the basal [Ca2+]i accounts 
for the daily rhythm in Ca2+ influx, which is consistent 
with the daily rhythm of spontaneous neuronal activity and 
membrane potential, which peak during the day [37–40]. 
This peak results in the cells being relatively depolarized, 
leading to a Ca2+ influx during the day. A light pulse dur-
ing that period does not cause phase shifts, most likely 
because the [Ca2+]i is already elevated. Conversely, dur-
ing the night, the membrane is relatively hyperpolarized, 
and light-induced depolarization causes a significant Ca2+ 
influx, resulting in a phase shift of the rhythm [35]. At 
least in mouse hippocampal cells, ligand-activated PPAR 
β/δ has been shown to modulate glutamate-induced level 
of intracellular calcium ions [41].Taken together, these 
data suggest that (1) under physiological conditions, the 
rhythm of PPARβ/δ parallels that of basal [Ca2+]i, and (2) 
the light-induced PPARβ/δ increase observed only during 
the subjective night when the [Ca2+]i was at the lowest 
level may originate from the increase in Ca2+ transients 
induced by glutamate release. We propose that PPARβ/δ 
activation in the SCN is dependent on the amplitude of 
Ca2+ transients capable of activating cPLA2 and the sub-
sequent AA release. Close interactions between PPARβ/δ 
and glutamatergic signaling may similarly occur in other 
brain areas, albeit probably without circadian gating 
because our preliminary analysis revealed no daily varia-
tions of PPARβ/δ expression in extra-SCN regions. Further 
investigation will be needed to address this issue in more 
details.

A putative role for PPARβ/δ activation in photic entrainment

The magnitude of the light-induced phase shifts is linked to 
the irradiance and intensity of the light stimulus [42, 43].  
At CT14, NMDA microinjections into the hamster SCN 
induce light-like phase shift responses that are dose-
dependent [21]. When administered just prior to a light 
pulse, l-trans-pyrrolidine-2,4-dicarboxylic acid (PDC), a 
glutamate uptake inhibitor that increases the synaptic glu-
tamate levels, elicits significantly larger phase delays than 
those after the combination of the light pulse plus vehicle. In 
contrast, administration of PDC alone does not induce a sig-
nificant phase shift [44]. In a similar protocol, the PPARβ/δ 
agonist L-165,041 also magnified the light-induced phase 
delays, although it has no shifting effect when injected 
alone. Moreover, the PPARβ/δ antagonist GSK 3787 did 
not impair the light-induced phase delays. These pharma-
cological data suggest that PPARβ/δ activation contributes 
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Fig. 7   Hypothetical diagram showing the involvement of PPARβ/δ 
in regulation of glutamate release and photic resetting within the 
SCN. The light signal triggers glutamate release within the SCN 
(i.e., acute effects). Glutamate binds to the NMDA receptor, and as 
a consequence, an influx of calcium occurs. Calcium-mediated acti-
vation of the cytoplasmic phospholipase A2 (cPLA2) results in the 
release of arachidonic acid (AA) from membrane phospholipids for 
further PPAR β/δ activation and prostaglandin E2 (PGE2) synthe-
sis via cyclooxygenase 2 (COX-2). PGE2 potentiates light-induced 
glutamate release. Our pharmacological data indicate that PPARβ/δ 
activation generates a positive feedback loop on light-induced gluta-
mate release, but blocking PPARβ/δ activation will not impair light-
induced phase-shifts (i.e., this is a reinforcing, but not necessary, 
pathway for photic resetting)
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to the increased extracellular glutamate when coupled with 
a light stimulus, by generating a reinforcing loop on photic 
resetting under physiological conditions (Fig.  7). Some 
known PPARβ/δ-regulated genes may be involved in the 
enhancement of extracellular glutamate, including COX-2 
[45, 46], which promotes prostaglandin E2 (PGE2) syn-
thesis from AA. Several studies have shown that PGE2 is 
a signaling molecule that modulates synaptic transmission 
[47], in particular by stimulating glutamate release. PGE2 
serves as a retrograde messenger that is synthesized from 
the postsynaptic neurons and acts on the specific membrane 
receptors of the pre- and postsynaptic neurons and astro-
cytes [47–49], which may stimulate glutamate release [49, 
50]. In astrocytes, PGE2-evoked Ca2+ elevations cause the 
release of glutamate, which activates neuronal ionotropic 
receptors [51]. Inhibition of AA synthesis or COX activity 
prevents glutamate release from the astrocytes, while PGE2 
promotes it [52, 53].

These data are consistent with the observations that 
although the PPARβ/δ agonist does not induce phase shifts 
on its own, it can enhance the light-induced phase shift, thus 
suggesting that an increase in glutamatergic stimulation is 
possibly due to an increase in COX-2-derived PGE2. The 
role of PPARβ/δ in photic resetting is further supported 
by the observation that light induced the overexpression 
of PPARβ/δ only when applied during the early subjective 
night.

Taken together, the present data suggest that PPARβ/δ are 
potential modulators of light-induced glutamatergic activa-
tion within the master circadian clock of the SCN (Fig. 7).

While extensive studies have demonstrated disparate 
roles in a variety of tissues [54], its ubiquitous expression 
makes it difficult to assign specific functions to PPARβ/δ. 
In this study our findings highlight an interaction between 
PPARβ/δ and glutamatergic signaling in the modulation of 
photic resetting of the master clock in mammals (Fig. 7).
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