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ABSTRACT The circadian clock, located in the suprachiasmatic nucleus (SCN) of the hypothalamus in mammals, exhibits astroglial plasticity indicated by GFAP expression over the 24-h period. In this study, we evaluated the role of neuronal retinal input in the observed changes. Modifications of retinal input, either by rearing animals under darkness (DD) or under constant light (LL), or by suppressing afferent input (bilateral enucleation), induced drastic changes in astroglial plasticity. In enucleated animals, a dramatic decrease in GFAP expression was evident in the area of the SCN deprived of retinal projections, whereas persistence of a rhythmic variation was in those areas still exhibiting GFAP expression. By contrast, no changes in astrocytic plasticity were detected in hamsters maintained under LL. These data suggest two fundamental roles for astrocytes within the SCN: (1) to regulate and mediate glutamate released by retinal terminals throughout the neuronal network to facilitate photic signal transmission; (2) to contribute to synchronization between suprachiasmatic neurons. GLIA 34:88 –100, 2001. © 2001 Wiley-Liss, Inc.



INTRODUCTION The suprachiasmatic nucleus (SCN) is the site of the clock controlling and driving behavioral and physiological circadian rhythms in mammals (Moore, 1983). Animals are able to synchronize their own rhythms with the external light– dark (LD) cycle and thus maintain an adequate relationship with the environment. Under constant conditions, animals isolated from external fluctuations exhibit endogenous rhythms. The SCN shows varied circadian rhythms involving glucose consumption, electrical activity, and peptide expression. In mammals, a particularly dense staining of glial fibrillary acidic protein immunoreactivity (GFAP-Ir) has been demonstrated in the SCN of the hypothalamus (Morin et al., 1989; Servie`re and Lavialle, 1996). In the Syrian hamster SCN, we have previously de©
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monstrated a fluctuation in GFAP-Ir distribution (Lavialle and Servie`re, 1993) characterized by changes from a dense network spreading all over the SCN during the light phase to a sparse staining at the beginning of the dark phase. It has also been reported that a single SCN astrocyte “may interdigitate between neurons and surrounding axodendritic synaptic complexes and thereby may influence hundreds of neurons” (Van den Pol et al., 1992). In this context, suprachiasmatic astrocytes (1 astrocyte for 3 neurons in the rat SCN) (Gu¨ldner, 1983) may be
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involved in intercellular communication (Van den Pol and Dudek, 1993) and could participate in the coordination of neuronal activity modulated by afferent signals. Several recent data suggest factors that could intervene in the plastic changes in GFAP-related astrocytic activity within the SCN. Daily rhythms in serotonin release in the SCN could be one of them (Glass and Chen, 1999). An increase in GFAP staining has been described in the SCN of adrenalectomized rats with a corticosterone implant (Maurel et al., 2000). The authors proposed that an indirect mechanism involving serotoninergic neurons was responsible for the effects of corticosterone level. By contrast, Moriya et al. (2000) reported a putative role of GFAP in circadian rhythm generation under constant light and speculate on its role in photic entrainment. In adult rodents, the photoperiodic signal is conveyed directly from the retinal ganglion cells to the SCN via the retinohypothalamic tract (RHT) whose terminals release glutamate (Abe et al., 1992; Ebling et al., 1991; Liou et al., 1986). The intergeniculate leaflet (IGL) also receives direct input from the retina and projects to the SCN forming the geniculohypothalamic tract (GHT), which releases neuropeptide Y (NPY) and GABA (Card and Moore, 1984; Harrington et al., 1985, Moore and Speh, 1993). Another indirect route is the pretectal area that provides an input to the SCN and overlaps that of the RHT and GHT (Mikkelsen and Vrang, 1994). All these afferent neurotransmitters exhibit daily variations (Cagampang and Inouye, 1994; Glass et al., 1993; Shinohara et al., 1993a) and thus could modulate astrocytic plasticity. In addition to being intimately connected within the circadian visual system, the SCN and IGL both contain dense matrices of persistently reactive astrocytes (Morin et al., 1989). The potential importance of this characteristic should be borne in mind when we suggest that astrocytes might contribute to light input regulation. Since the major neurotransmitter released from retina is glutamate and since important roles of astrocytes are (1) to control glutamate extracellular concentration (Hansson et al., 1985; Ho¨sli et al., 1986; Swanson, 1992), (2) to keep the concentration below neurotoxic levels via transporters (Lehre et al., 1995), and (3) to mediate intercellular signaling via receptors (Porter and McCarthy, 1996), we chose to study the effect of photic input on astrocytic plasticity within the SCN. In rodents at birth, retinal terminals have not yet reached the SCN, and RHT development is only complete by postnatal day 10 (P10) (Speh and Moore, 1993). The astrocytic network is complete at P15, a time when pups shift from maternal to photic entrainment (Botchkina and Morin, 1995a; Lavialle and Servie`re, 1995). By contrast, the NPY-Ir fibers of the GHT arrive in the ventral SCN on P3, and NPY innervation is similar to the adult pattern by P10. In order to clarify the relationship between astroglial plasticity and photic input within the SCN we investigated GFAP-Ir in various animal models in which the light environment
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was varied. Animals were reared either under an LD cycle or under constant darkness (DD), or under constant light (LL) or were enucleated at birth (YY) before retinohypothalamic and geniculohypothalamic tract formation. In this study, we considered the effects of retinal input on both the quantity and distribution of GFAP-Ir throughout the SCN and also within the IGL. Distribution of GFAP-Ir cells and RHT terminals within the SCN were compared. Moreover, as GFAP-Ir varies according to the circadian time, this variable was taken into account in the experimental design.



MATERIALS AND METHODS Animals Syrian hamsters (Mesocricetus auratus) raised in our colony were maintained under a LD 16:8 regimen (16 h light and 8 h dark) with free access to food and water. Pregnant females were maintained under different light conditions depending on the experimental protocol. Only male progeny were used for this study. Twenty-eight males born and reared under an LD 12:12 cycle (light 100 W/cm2) constituted the control group (LD). Twenty-four others were born and housed under constant darkness (DD), 24 were born and housed under constant light (LL), and 30 were subjected to binocular enucleation at birth (YY). All these animals were sacrificed at 3 months. At least 2 weeks before sacrifice hamsters were housed individually in cages equipped with running wheels. Running Wheel activity was monitored continuously by a computer using Dataquest III software (Minimitter Co), as it is important to know the phase of the clock at the time of sacrifice. Data were collected in 10-min time bins (144 data points per day); actograms were produced by plotting log-transformed data for each day on a 24-h scale. For each animal, the onset of activity was defined as circadian time 12 (CT 12) and the beginning of “subjective night” for nocturnal animals. The rest phase corresponds to “subjective day.” All animal experiments were carried out in accordance with the European Communities Council Directive of 24 November 1986 (86/609/EEC).



Enucleation After induction of anesthesia by hypothermia in pups, eyes were removed from their cavity, using a pair of fine forceps. The ocular cavity was filled with Gelfoam to prevent bleeding and the eyelids were closed with one stitch. All procedures were carried out under aseptic conditions. Pups were monitored under a heat lamp until they recovered from anesthesia, and then were returned to their dam.
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RHT Tracing after anesthesia with 0.2 ml Zoletil 50 (50 mg/ml), 4 adult control hamsters were unilaterally injected in the posterior chamber of the eye (right no. 925 and 928; left no. 926 and 927) with 6 l cholera toxin b subunit (CHT) (Choleragenoid Sigma, C-7771), using a Hamilton microsyringe. A drop of Xylocaine was introduced into the eye. Animals were sacrificed 24 h later.



Immunocytochemistry At the end of their assigned survival time, hamsters were sacrificed at different times of the circadian cycle in order to cover the 24-h period. Animals were deeply anesthetized with sodium pentobarbital (120 mg/kg) and perfused intracardially with 0.9% saline at 37°C, followed by 4% cold paraformaldehyde in 0.1 M phosphate-buffered saline (PBS) at pH 7.4. Brains were removed, postfixed for 4 h, and immersed in 30% sucrose (in 0.1 M PBS). Serial 40-m coronal sections were cut on a freezing microtome. Under darkfield illumination, 15 sections were selected to ensure that they covered the whole SCN, as well as 10 others containing the IGL. Free-floating sections were processed for immunohistochemistry as previously described using GFAP antiserum (DAKO, 1/1,000) (Lavialle and Servie`re, 1993) or cholera toxin antiserum (List Biol. Laboratories, USA; 1/8,000) (Lavialle and Servie`re, 1995) for animals chosen for RHT tracing. Reaction products were visualized using 3–3⬘ diaminobenzidine tetrahydrochloride as chromogen (0.02% in PBS with 0.1% hydrogen peroxide) for 7 min.



Data Analysis Image analysis Immunoreactivity was measured in the 15 sections covering the SCN of each animal (24 in LD, 21 in DD, 23 in LL, and 24 in YY group) and in six sections containing the IGL of 27 animals (8 in LD, 8 in DD, 6 in LL, and 5 in YY group). GFAP immunolabeling was analyzed using a video-based analysis system BIOCOM, equipped with an Olympus BH-2 microscope and a COHU solid-sate camera. The images were digitized into 512 x 512 pixels with eight bits of gray resolution (i.e., 28 ⫽ 256 gray values) and were stored in TIFF format (753 M ⫻ 528 M). Image processing and quantification were performed as previously described (Vilaplana and Lavialle, 1999). Briefly, it consists in automatically binarizing the image, in order to subtract background noise and keep only staining, and to determine the percentage of stained area (black pixels) in the SCN (Fig. 1) on each section. The level of GFAP staining and its distribution throughout the SCN were evaluated using this semiquantitative method developed in order to provide similar results, regardless of the observer. Measurements were performed directly



Fig. 1. Typical glial fibrillary acidic protein (GFAP) immunoreactivity in two coronal sections through the suprachiasmatic nucleus (SCN) of hamsters taken at two different times. Digitized images (left) were binarized (right). Percentage area stained within the SCN was measured on each section (see Methods). SCN, suprachiasmatic nucleus; OC, optic chiasm, IIIV, third ventricle, Ta, tanycytes. Scale bar ⫽ 150 m.



on the image displayed on the screen corresponding to a final ⫻300 magnification. The area of the SCN could be determined, since cellular density is higher than in the surrounding regions. Accuracy of the estimated perimeter was verified in several animals of the LD and YY groups after counterstaining. For IGL, the percentage of staining was estimated over an area of 350 m ⫻250 M. In order to compare the size and number of cells within the SCN from LD and YY groups, after counterstaining the areas were measured and cell nuclei were counted on every two sections using the VisioScan from the BIOCOM image analysis system.



Statistical analysis In each group, 15 sections per SCN were examined in all the animals and 6 sections per IGL in 5 or 8 animals. The data were treated as follows: (1) the mean level of GFAP-Ir in each SCN or IGL was estimated by averaging the labeled area percentages in the fifteen SCN sections or in the six IGL sections, (2) the mean level of GFAP immunoreactivity at a given time was calculated by averaging values obtained from animals sacrificed at the same circadian time; (3) the level of GFAP-Ir according to rostrocaudal distribution was studied throughout each SCN by averaging sections from anterior, median or posterior regions. The effect of three variables (group, circadian time, anteroposterior position of section) on GFAP-Ir was analyzed by three-way analysis of variance (ANOVA).
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ASTROGLIAL PLASTICITY AND HAMSTER CIRCADIAN CLOCK TABLE 1. ANOVA results of the effects of group, circadian time, and anteroposterior level in the SCN, on GFAP immunoreactivity* GFAP-Ir by section Factor Group CT AP level Group ⫻ CT Group ⫻ AP level CT ⫻ AP level Group ⫻ CT ⫻ AP level



GFAP-Ir by region



df



F



P level



df



F



P level



3 5 14 15 42 70 210



539.922 52.253 28.013 70.295 3.145 0.9571 0.7921



⬍0.0001 ⬍0.0001 ⬍0.0001 ⬍0.0001 ⬍0.001 NS NS



3 1 2 3 6 2 6



242.257 147.445 84.059 187.119 4.658 0.197 3.163



⬍0.0001 ⬍0.0001 ⬍0.0001 ⬍0.0001 ⬍0.001 NS ⬍0.005



*Taking all the circadian times and section number (1–15) into account (GFAP-Ir by section), or considering sections pooled by region (anterior, median, and posterior) at CT 02 and CT 14 (GFAP-Ir by region).



When significant effects (P ⬍0.05) were found, the Scheffe´ test was used for post hoc comparison. The amplitude and peak time were calculated by cosinor analysis (Bingham et al., 1982).



RESULTS Modifications in the Light Environment Affect the Distribution of Wheel-Running Activity in the Syrian Hamster Syrian hamsters are nocturnal rodents. In LD controls the wheel-running activity was strictly limited to the dark phase. In DD animals and in those enucleated at birth, all exhibited a clear circadian rhythm of wheel-running activity during the subjective night with a period close to 24 h. In other words, preventing light input had few effects on locomotor activity, since the endogenous rhythm did not differ significantly from the rhythm in control animals. The only modification was a slight decrease in, and scattering of, locomotor activity. The most notable changes appeared in the LL group, in which 3 animals were arrhythmic, 4 others almost inactive, 10 exhibited a unimodal free-running rhythm, and 6 a bimodal rhythm. In this last group, the circadian rhythm was clearly disturbed, and the amount of wheel-running activity was lower than in LD or DD animals.



Modifications in Retinal Afferent Activity Affect the Distribution of GFAP Immunoreactivity Within the SCN An immunoreactive SCN was characterized by a GFAP reaction product throughout the SCN, delineating its margins clearly from the surrounding hypothalamic areas. The IGL also showed dense GFAP Ir cells, while the dorsolateral and the ventrolateral geniculate nuclei were devoid of any GFAP-Ir. As a positive control of GFAP immunoreactivity, we used the systematic staining in the optic chiasm, in tanycytes (between the left and right side of the SCN), in ependymal cells at the border of the third ventricle (Fig. 1), and in the median habenula (not shown). In each group, all the sections were examined in each animal. Hamsters from LD and DD groups exhibited the robust changes in GFAP-Ir distribution previously



reported (Lavialle and Servie`re, 1993). The semiquantitative method that we recently described (Vilaplana and Lavialle, 1999) enabled us to evaluate more precisely the level of GFAP staining and its distribution throughout the SCN. ANOVA (Table 1), treating circadian time, group, and section number as main factors, revealed a significant effect of all the factors, as well as a significant interaction between group and CT, and between group and section number. We examine the effects of circadian time, experimental group, and SCN region, respectively.



Effect of Circadian Time on GFAP Immunoreactivity Control and DD animals exhibited a significant variation in GFAP-Ir within SCN over the 24-h period. The lowest GFAP-Ir occurred during the night in the control (LD) group and from CT 10 to CT 14 (before and at the beginning of active phase) in the DD group. The two histograms (Fig. 2A,B) differ in the peak times indicated by cosinor analysis (CT 4.40 in LD and CT 0.22 in DD) and in amplitudes (8.39 and 14.88, respectively). Briefly, constant darkness induced a phase shift and a greater change in GFAP immunoreactivity compared with controls. A significant variation was also shown in animals enucleated at birth (Fig. 2D) with a higher activity during subjective night and a maximum calculated at CT 16.23. But in this group the level of immunoreactivity was considerably lower, with an amplitude of 5.50. By contrast, while the level of staining remained high with an overall decrease in amplitude to 2.17 (Fig. 2C), no circadian variation in GFAP-Ir was found in animals reared under LL that exhibited an endogenous wheel running rhythm. No significant difference in GFAP-Ir was observed between rhythmic and arrhythmic hamsters in this group. The level of GFAP immunoreactivity in the SCN did not seem directly related to the active or rest phase since less staining was measured during the dark phase under LD (Fig. 2A), at the end of subjective day (CT 10) and at the beginning of subjective night (CT 14) under DD (Fig. 2B) and during subjective day in the YY group (Fig. 2D). There was also no significant variation between active or rest phase in the LL group (Fig. 2C).
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Effect of Retinal Afferent Activity on the Level of GFAP Immunoreactivity Within the SCN and IGL of Syrian Hamster The variation among groups (Table 1) was highly significant. According to the post hoc mean separation



test, no significant differences were observed among LD, DD and LL groups. By contrast, in YY animals the level of staining was significantly lower (P ⬍ 0.0001). In this last group, the number of cells and the size of the SCN also were significantly reduced (20%) compared with that of controls: 8,572 ⫾ 251 cells, respectively, within 718,262 ⫾ 25,543 m2 and 10,756 ⫾ 137 cells within 832,658 ⫾ 38,477 m2. Since we demonstrated a marked difference in GFAP-Ir in the SCN according to the circadian time, we chose to compare the effect of light environment in animals sacrificed 2 h after the beginning of rest phase (CT 02) and 2 h after the beginning of active phase (CT 14), which corresponds to the time when the most intense and the weakest staining, respectively, has been seen in controls. Comparison of experimental groups according to mean GFAP-Ir (Fig. 3A) revealed that the level of staining measured in the SCN of DD animals at CT 02 was similar to that in controls (LD), whereas the LL animals expressed a significantly smaller amount and the enucleated animals an even smaller amount. At CT 14, GFAP-Ir in LL was the greatest, significantly higher than in the other groups. Levels were similar in animals reared under DD or enucleated at birth but lower than those observed in animals under LD. No difference in immunoreactivity was detected in the IGL between LD animals sacrificed at different times during the light or dark phase. For IGL, since measures of GFAP-Ir did not indicate any significant difference between animals whatever the sacrifice time in LD, we chose to examine data in the other conditions (DD, LL, YY) by comparing animals sacrificed during subjective day with those sacrificed during subjective night (Fig. 3B). In IGL from animals under LD, DD, or LL, the tangle of GFAP-Ir-positive processes gave a similar percentage of staining area; thus absence of light (DD) or constant light (LL) did not seem to affect intensity of immunoreactivity. By contrast, enucleation at birth led to a very low level of GFAP-Ir as observed in the SCN. These data demonstrate that the level and variation in GFAP-Ir over the 24-h period within the SCN was greatly perturbed in animals enucleated or maintained under constant light, which suggests that GFAP expression is at least partly dependent on direct or indirect retinal input and does not seem linked to the autonomous functioning of the clock.



Fig. 2. Glial fibrillary acidic protein immunoreactivity (GFAP-Ir) within hamster suprachiasmatic nucleus (SCN) varies with circadian time and light conditions. Variations as a function of time were demonstrated in control (LD), DD, and YY, but not in LL group. A: Animals reared under the light-dark cycle (LD) (n ⫽ 24), *CTs 14, 18 vs CTs 2, 6, 10 (P ⬍ 0.001); **CT 22 vs CT 2, 18 (P ⬍ 0.01). B: Animals reared under darkness (DD) (n ⫽ 21), *CTs 10, 14 vs CTs 2, 6, 18, 22 (P ⬍ 0.001); **CT 18 vs CTs 2, 10, 14, 22 (P ⬍ 0.01). C: Animals reared under constant light (LL) (n ⫽ 21) no significant variations over 24 h. D: Hamsters enucleated at birth (YY) (n ⫽ 24), *CT 2, 10 vs CTs 14, 18 (P ⬍ 0.001); **CT 6 vs CT 14 (P ⫽ 0.001). Each bar represents the mean (⫾SEM) of GFAP-Ir percentage in the SCN (15 sections per SCN) of animals sacrificed at the same circadian time (n ⫽ 3–5).
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Fig. 3. Comparison between experimental groups of level in glial fibrillary acidic protein immunoreactivity (GFAP-Ir). A: Within the suprachiasmatic nucleus (SCN); each bar represents the mean (⫾SEM) of GFAP-Ir percentage in the SCN (15 sections per SCN) of animals sacrificed at CT 02 or CT 14 (n ⫽ 3–5); *different from all the others sacrificed at the same time (P ⬍ 0.001); ⫹different from LD and LL animals sacrificed at CT 14 (P ⱕ 0.001). B: Within the intergeniculate leaflet (IGL), since no difference was detected in the IGL of controls, data from animals sacrificed during subjective day or subjective night were pooled. Each bar represents the mean (⫾SEM) of GFAP-Ir percentage in the IGL (6 sections per IGL) of animals sacrificed during subjective day or subjective night (n ⫽ 5– 8); *different from all the others sacrificed at the same time (P ⬍ 0.001).



Effect of Retinal Afferent Activity on the Distribution of GFAP Immunoreactivity Along the Rostrocaudal Axis Within the Hamster SCN The data demonstrated the strongest staining in the anterior and posterior parts of the SCN. In the median part, staining was generally lighter. We arbitrarily divided the SCN into three parts, anterior (sections 1– 4), median (sections 5–10), and posterior (sections 11–15) and noted a significant difference between sections pooled by part. Variations in GFAP-Ir in the anterior, median, or posterior region of the SCN were analyzed at CT 02 and CT 14 for each group. ANOVA (Table 1) revealed a significant effect of SCN region, a double interaction between group and region, and a triple interaction between group, circadian time, and region. Figure 4 compares, for each experimental condition, the rostrocaudal distribution between pooled data from animals sacrificed at CT 02 or at CT 14. The histograms show the consequent modifications in GFAP-Ir distribution induced by extreme changes in light environment. The median sections of the SCN are



Fig. 4. Glial fibrillary acidic protein immunoreactivity (GFAP-Ir) distribution within hamster SCN varies along the rostrocaudal axis throughout the suprachiasmatic nucleus (SCN). Whatever the time and experimental conditions, except at CT 14 in the DD group, GFAP-Ir in median sections was less abundant and adifferent from the anterior region, or pdifferent from the posterior region (P ⬍ 0.001). Under LD and DD (A,B), immunoreactivity was higher in the three parts of the SCN at CT 02 than at CT 14 (P ⬍ 0.001). The reactivity was reversed in YY (D) (P ⬍ 0.001). Differences in the LL group (C) between CT 02 and CT 14 were not significant. Each bar represents the mean (⫾SEM) of GFAP-Ir percentage in the anterior, median or posterior region of the SCN of animals sacrificed at the same circadian time (n ⫽ 3–5).



always more lightly stained than anterior or posterior sections, except at CT 14 in animals under DD in which no significant differences were observed between SCN regions (Fig. 4B). Table 2 demonstrates, at CT 02 and
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LAVIALLE ET AL. TABLE 2. Influence of retinal input on GFAP distribution in the different regions of the SCN according to circadian type* CT 02 Anterior



a LD DD LL YY



Median



CT 14 Posterior



54.92 ⫾ 5.59 (n ⫽ 4) 44.59 ⫾ 2.13 (n ⫽ 4) 55.52 ⫾ 5.21 (n ⫽ 4) 53.39 ⫾ 2.63 (n ⫽ 4) 44.78 ⫾ 2.37 (n ⫽ 4) 55.58 ⫾ 1.58 (n ⫽ 4) 50.48 ⫾ 2.72 (n ⫽ 3) 35.03 ⫾ 3.79 (n ⫽ 3) 41.83 ⫾ 6.49 (n ⫽ 3) 19.42 ⫾ 6.89 (n ⫽ 5) 7.29 ⫾ 0.41 (n ⫽ 5) 8.33 ⫾ 0.87 (n ⫽ 5)



b LD vs DD LD vs LL LD vs YY DD vs LL DD vs YY LL vs YY



NS NS ⬍0.0001 NS ⬍0.0001 ⬍0.0001



NS NS ⬍0.0001 NS ⬍0.0001 ⬍0.0001



NS ⬍0.005 ⬍0.0001 ⬍0.005 ⬍0.0001 ⬍0.0001



Anterior



Median



Posterior



37.08 ⫾ 4.64 (n ⫽ 4) 23.15 ⫾ 5.56 (n ⫽ 3) 46.78 ⫾ 1.46 (n ⫽ 3) 37.82 ⫾ 7.12 (n ⫽ 5)



28.75 ⫾ 2.31 (n ⫽ 4) 17.13 ⫾ 2.17 (n ⫽ 3) 33.16 ⫾ 4.05 (n ⫽ 3) 16.27 ⫾ 1.65 (n ⫽ 5)



34.00 ⫾ 3.75 (n ⫽ 4) 18.15 ⫾ 2.91 (n ⫽ 3) 45.73 ⫾ 6.61 (n ⫽ 3) 23.99 ⫾ 4.66 (n ⫽ 5)



⫽0.05 NS NS ⬍0.0001 NS NS



NS NS NS ⬍0.001 NS ⬍0.0001



⬍0.005 NS NS ⬍0.0001 NS ⬍0.0001



*The significant differences between regions in the same group at the same time are graphically represented in Fig. 4. a Values are means ⫾SEM of all the sections measured in the anterior, median, and posterior regions of the SCN from LD, DD, LL, and YY animals sacrificed at CT 02 or at CT 14. b Significance of GFAP-Ir differences between groups in the same region of the SCN.



CT 14, the effects of retinal input on GFAP-Ir in the different regions of the SCN. At CT 02, the mean levels of staining in the anterior, median, and posterior parts of the SCN under DD were similar to those of the LD controls, whereas under LL the posterior region was significantly less stained. The YY group also showed a clear difference in the rostrocaudal distribution of GFAP-Ir throughout the SCN and staining was much lighter compared with the other groups. At CT 14, variations between groups were more marked. Animals under LL exhibited the most intense staining. The lowest immunoreactivity was measured in median and posterior SCN in animals under DD and was similar to that of the YY group, whereas the anterior part of the SCN in YY animals was comparable to that of LD and LL animals. Figure 5A–H illustrates the effect of changes in retinal input activity in median coronal sections of animals sacrificed at CT 02 (Fig. 5A,C,E,G) or CT 14 (Fig. 5B,D,F,H). Spectacular changes (dense vs light staining) in GFAP-Ir level were observed in control (Fig. 5A,B) and DD (Fig. 5C,D) animals. In contrast, the distribution hardly varied between animals of LL (Fig. 5E,F) or YY (Fig. 5G,H) groups. In the former, the distribution of immunoreactivity was similar to that observed at CT 14 in LD controls, and in the latter the staining was almost nonexistent in the median part and resembled that seen at CT 14 in DD animals. In each case the presence of staining in the midline zone and in the ventrolateral border of the SCN should be noted.



GFAP Expression Within the Hamster SCN Is Modified in the Area in Which Retinal Terminals Project The dramatic decrease in GFAP expression within the SCN when retinal projections were disrupted led us to determine more precisely the putative relationship between retinal afferent neurons and GFAP-Ir distribution.



In the RHT tracing experiment, whatever the side of injection (right or left eye) the staining of retinal terminals within the SCN appeared as dense on the contralateral as on the ipsilateral side (Fig. 6A). The distribution of cholera toxin immunoreactivity (Cht-Ir) was wider and more intense in the medial part of the SCN, in comparison with the anterior and posterior parts. The GFAP-Ir distribution in controls sacrificed at CT 02 (Fig. 6B) did not seem to overlay the retinal projections throughout the SCN. However, in enucleated hamsters (Fig. 6C), the distribution of GFAP-Ir along the rostrocaudal axis appeared to be the inverse of that of Cht-Ir. Indeed, in the absence of retinal inputs a clear staining could be observed in the anterior and posterior parts of the SCN, whereas in median sections it was absent in the core but present in the external ventrolateral region and in the inner border, near the midline zone of the SCN. GFAP-Ir and Cht-Ir distributions were evaluated along the rostrocaudal axis within the SCN. Values were compared at the same level of the sections. The distribution of GFAP-Ir in enucleated animals, and Cht-Ir in normal animals, appeared clearly reversed (Fig. 7), suggesting that GFAP immunoreactivity was associated with retinal projections. The inverse relationship (linear regression r ⫽ ⫺0.707, P ⬍ 0.01) was verified for all sections displaying an extinction of GFAP-Ir in the SCN area deprived of afferent retinal neurons.



DISCUSSION In this study, we have used different modifications in retinal input to evaluate the functional consequences of



Fig. 5. Glial fibrillary acidic protein immunoreactivity (GFAP-Ir) distribution within suprachiasmatic nucleus (SCN) and intergeniculate leaflet (IGL) of hamsters reared under different light conditions (light-dark LD, darkness DD, constant light LL, enucleated animals YY). A,C,E,G: Median coronal sections of the right SCN of animals sacrificed at CT 02; B,D,F,H: Median coronal sections of the left SCN of animals sacrificed at CT 14; I-L: GFAP-Ir in the IGL of animals sacrificed during the day or subjective day. Scale bars ⫽ 100 m.



Figure 5.
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Our present data extend previous observations of a probable role for astrocytes in endogenous rhythms compared to entrained ones (Moriya et al., 2000), and consequently raise the question of the role of astrocytes in the functioning of the SCN. We investigated the effects of light environment by studying changes in GFAP distribution along the rostrocaudal axis as a function of time, and thus furnished data different from those obtained by Moriya et al. using Western blot analysis of the whole SCN.



Regulation of GFAP Expression in the SCN: Involvement of Retinal Neuronal Activity



Fig. 6. Rostrocaudal distribution of cholera-toxin immunoreactivity (Cht-Ir) (A), and glial fibrillary acidic protein immunoreactivity (GFAP-Ir) (B,C) through the suprachiasmatic nucleus (SCN) of controls (A,B) or enucleated (C) hamsters (only odd coronal sections (40 m) are presented); Scale bar ⫽ 150 m.



the photic signal on fluctuations in GFAP-Ir distribution. While hamsters exhibited an endogenous locomotor rhythm suggesting no noticeable disturbance in clock functioning, major changes in level and distribution of GFAP-Ir within the SCN revealed modifications in astroglial plasticity that did not seem to interfere directly with the autonomous component of the circadian clock.



We have previously demonstrated that the establishment of the astrocytic network is parallel with RHT development, and hypothesized (Lavialle and Servie`re, 1995) that a rhythmic release of glutamate at RHT terminals in the SCN (Glass et al., 1993) could induce changes in GFAP-Ir. The present study makes clear that the most notable difference in GFAP-Ir between controls and DD animals was the peak time and the amplitude of variations. Both groups exhibited fluctuations in GFAP-Ir over the 24-h period. The shifting of the peak time of glutamate content within the hamster SCN from CT 18 under LD to CT 13 under DD (Glass et al., 1993) could explain the equivalent shifting in GFAP-Ir between control and DD hamsters (present data). Pellerin and Magistretti (1994) implicated glutamate as the coupling signal between neuronal activation and glucose uptake by astrocytes. It has been reported that the SCN glucose utilization is highest during the L phase and relatively low during the D phase, regardless of whether the animals are nocturnal or diurnal (Schwartz, 1991). These data suggest that, under LD, the photic signal induces neuronal activation and enhances glutamate uptake by astrocytes with subsequent glucose utilization. Rapid and reversible GFAP reactions linked to neuronal activation have been reported in the chick cochlear nucleus (Canady and Rubel, 1992) and in rat lateral geniculate nucleus (Canady et al., 1994). The GFAP reaction disappears after neuronal activity resumes. From the data discussed above, we speculate that daily changes in GFAP-Ir in controls can, in part, be related to daily changes in retinal neuronal activity induced by the LD cycle, and the fluctuations observed in the SCN under DD can be due to an endogenous rhythmic release of glutamate that becomes constant under LL. Exposure of animals to LL induces various behavioral manifestations, depending on where they are born and maintained during lactation (Cambras et al., 1997). LL is reported to disrupt rhythms of locomotor activity, neural firing rate or glucose consumption (Schwartz and Gainer, 1977; Shibata and Moore, 1988; Yu et al., 1993). Moriya et al. (2000) reported that GFAP content decreases in the SCN and increases in the IGL of mice maintained for 4 weeks under LL. In our study, LL from birth was the only condition where
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Fig. 7. Comparison between cholera toxin immunoreactivity (Cht-Ir) and glial fibrillary acidic protein immunoreactivity (GFAP-Ir) distribution within the hamster suprachiasmatic nucleus (SCN). The rostrocaudal distribution of GFAP-Ir throughout the SCN in enucleated hamsters (YY) (n ⫽ 4) is markedly different from that of GFAP-Ir in controls (LD) (n ⫽ 4), and is the most depressed in the area where retinal input (Cht-Ir) is maximum in intact animals (n ⫽ 4).



GFAP-Ir did not show any fluctuation within the SCN; the level of staining was slightly lower than during the light phase in animals reared under LD. Similarly, Shibata and Moore (1988) reported no significant day night difference in glucose utilization in pregnant female rats, kept under LL during 12 days. In contrast to Moriya et al. (2000), we did not observe any increase in IGL, nor did they show any change in GFAP content under LD or DD in mouse SCN. However, they demonstrated that in GFAP mutant mice wheel-running activity became arrhythmic only under constant light, whereas wild-type mice exhibited a clear circadian rhythm under the same conditions. In other words, GFAP-positive cells in the SCN and IGL play a role in circadian rhythm generation under constant light but seem not implicated when mice are subjected to LD or DD conditions. Thus, at first glance, these results seem to contradict our results, since no differences in level of GFAP-Ir was observable between LL hamsters who exhibited a rhythmic or an arrhythmic wheel running activity. However, in addition to possible species differences, several methodological differences could account for this apparent disagreement. The particularly dense GFAP-Ir in hamster SCN compared with rat or mouse could make variations more easily detectable in our model. Moreover, in Moriya’s study, the animals were maintained under an LD cycle for 2 weeks and then switched to DD or LL, test conditions not used by us. In order to eliminate the possible effect of a change in photoperiodic regimen on the SCN activity (Pe´vet et al., 1996), we decided to maintain animals from birth to sacrifice under the same experimental conditions. Since Moriya et al. reported no changes in GFAP under LD, the circadian time was not retained as a potential variable. If we analyzed our results without taking circadian time and rostrocaudal region into account, our conclusions would be quite different. The greatest alteration was observed in enucleated hamsters where GFAP-Ir was absent in the core of the SCN in the area where retinal afferent input termi-



nates in controls. Caillol et al. (1998) reported a disappearance of glutamatergic receptor immunoreactivity in the center of hamster SCN after bilateral retinal deafferentation. These data and the significant relation demonstrated in the SCN between GFAP-Ir and distribution of the retinal projection suggest that astrocytic plasticity is in part linked to retinal input. However, no variations of GFAP-Ir were detected in the IGL under LD, DD, or LL, implying separate functions for retinal projections to the SCN and IGL with respect to circadian rhythm regulation. Astrocytic plasticity in the SCN and not in the IGL is consistent with other evidence that the RHT originates in a photoreceptor system clearly different from the primary visual system (Foster et al., 1993). Astrocytes in the core of the SCN may be involved in the mediation of photic signal processing by controlling extracellular glutamate level and mediating rapid intercellular signaling.



Regulation of GFAP Expression in the SCN: Involvement of Variations in Peptidergic Contents Despite the lack of staining in the core of the SCN in enucleated animals, variations in GFAP-Ir over 24 h persisted with a markedly reduced immunoreactivity, which was more intense during the rest than the active phase, in contrast to results in LD and DD animals. It needs to be stressed that whatever the light conditions the midline zone of the SCN and the ventrolateral border always appeared stained. It is in this last zone that vasoactive intestinal peptide (VIP) and gastrinreleasing peptide (GRP) neurons, NPY and serotonin afferents concentrate. Changes in astrocytic activity under DD cannot be due to VIP and/or GRP levels that do not show any variation under DD (Shinohara et al., 1993b). Bilateral enucleation was performed before postnatal day 3, which is an important time point in



98



LAVIALLE ET AL.



respect to hamster SCN innervation both for serotoninergic fibers (Botchkina and Morin, 1993) and NPY fibers (Botchkina and Morin, 1995b). On this day, the first GFAP positive cells appear at the limit of the optic chiasm and the ventral part of the SCN, two days before the first retinal projections (Lavialle and Servie`re, 1995). By postnatal day 5, astrocytes begin to emerge in the IGL (Botchkina and Morin, 1995b). We presume that, after neonatal bilateral enucleation, the development of the retinogeniculate pathway was altered, thereby damaging the IGL, where GFAP expression was abolished (present data), and its input to the SCN, which was no longer able to maintain the timing of release of NPY. Since serotonin released in the SCN shows a circadian fluctuation (Cagampang and Inouye, 1994), it could be proposed as a candidate inducer of morphological changes in astrocytes distributed in the ventrolateral subdivision of the SCN. Maurel et al. (2000) report an enhancing effect of corticosterone on GFAP-Ir in the ventrolateral aspect of the SCN, and propose that the rhythm of intra-SCN serotonin release might be entrained by the circadian fluctuations of corticosterone. Moreover Glass and Chen (1999) suggested that serotonin plays a role in regulating changes in SCN astrocytic activity. In YY animals, the decrease in size and in the number of SCN cells could be explained by a loss in retinal afferent fibers and in astroglial cells mainly in the zone in which retinal terminals project, and also by a possible reduction of NPY projections from IGL. An electron microscopic study is probably the only way to decide on the absence or presence of astrocytes, particularly in the core of the SCN where GFAP-Ir is absent. Thus, the preservation and the variation of GFAP-Ir in the anterior part and in the ventrolateral border throughout the SCN in enucleated animals suggest the presence of astroglial subpopulations, interacting differently with local neurons. Finally, we propose that astrocytes in the SCN are under various influences. The astrocytes at the border and in the ventrolateral part may preferentially participate in endogenous functioning of the clock. Those located in the projection zone of retinal terminals could have a preferential role in the control and transmission of the photic signal.



Putative Role of Astrocytes in the SCN Under natural conditions, animals receive from the environment cyclic information they must integrate in order to live in synchrony with the outside world. Astrocytes in the SCN could participate in this adaptation. Morphological plasticity has mainly been described in the hypothalamic areas under strong hormonal control (Theodosis and Poulain, 1993). In the supraoptic nucleus, ultrastructural studies have demonstrated a retraction and extension of astrocytic processes between neuroendocrine neurons, favoring the synchronous release of oxytocin or vasopressin (Montagnese et al., 1990). Under these conditions a significant reduc-



tion of GFAP-Ir ( (Hawrylak et al., 1998; Salm et al., 1985) has been demonstrated. This structural plasticity includes remodeling of neuron– glia communication. Neuronal somata in the SCN were reported to exhibit more coverage by astrocytes than those in the anterior hypothalamic area (Elliott and Nunez, 1994). Recent electron microscopy data (Tamada et al., 1998) show numerous GFAP-Ir elements adjacent to synaptic sites, particularly in the ventral portion of the SCN. Welsh et al. (1995) demonstrated that individual SCN neurons in culture express an endogenous circadian rhythmicity but are not synchronized, despite abundant functional synapses. By contrast, SCN slice cultures showed synchronous rhythms of two populations of neurons, whereas preventing glial proliferation resulted in desynchrony between them (Shinohara et al., 1995). Using halothane and octanol as uncoupling agents of glial gap junctions, Prosser et al. (1994) disrupted the circadian rhythms of SCN multi-unit activity in slices. In connection with this, it is notable that the glial syncytium may be implicated in the coupling of neurons under the mediation of the photic signal. If we suppress the external synchronizer by keeping animals under constant darkness (DD), daily variation in GFAP-Ir persisted, whereas it did not under constant light (LL). In this case, the treatment, in regard to retinal input, strongly influences the distribution of GFAP. We have previously reported a positive relation between GFAP and gap junction protein distribution (Servie`re and Lavialle, 1996), suggesting that under LL, where there are no variations in GFAP-Ir, a disturbance in astrocyte communication could result in a less stable pattern in wheel-running activity than in control or DD animals. This argues in favor of the SCN as a multi-oscillatory system in which entrainment and changes of phase can be produced by a parametric effect on the degree of coupling of the system (DiezNoguera, 1994), and in which the effect of constant light could diminish the degree of coupling (Vilaplana et al., 1995, 1997). A reconsideration of the role of glial cells has been recently proposed in which astrocytes are modulatory components of “tripartite synapses ” (Araque et al., 1999). Briefly, neuronal activity induces an intracellular increase in calcium concentration and oscillations in astrocytes (Cornell-Bell et al., 1990a), and propagating calcium waves within the astrocytic network (Van den Pol et al., 1992; Murphy et al., 1993). In response to the calcium elevation, astrocytes might release glutamate that in turn increases the calcium levels in adjacent neurons, influencing the electrical activity of neurons and modulating synaptic neurotransmission. Moreover, it has been reported that glutamate can influence intercellular communication and induce morphological changes in astrocytes (Hansson et al., 1994), namely an increase in the number of filopodia on the cell surface (Cornell-Bell et al., 1990B; Noble et al., 1992). In this respect, under LD or DD conditions, astroglial plasticity related to variations in glutamate stimulation could be implicated in the coupling of neurons, which disappears under LL. The astrocytic syn-
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cytium in the SCN, in addition to fueling neurons, might, under glutamate release, control synaptic neurotransmission through the SCN and facilitate coordination between neurons. In conclusion, the present data show in vivo a relation between GFAP expression and cyclic changes of light environment, demonstrate the presence of astroglial subpopulations in the hamster SCN, question the role of astrocytes in photic signal regulation and neuronal synchronization, and provide the context for further studies investigating the role of direct and indirect retinal input on astrocytic plasticity in the SCN. Nevertheless, to determine ultimately the significance of GFAP changes, more experiments will be needed to verify that these daily variations are indeed necessary or sufficient for neuronal changes to occur or for smooth functioning of the SCN to proceed and particularly to be reentrained to a shifted LD cycle. More selective lesions or inhibition could provide the necessary conditions that would permit identification of the relative contribution of the various neurotransmitters and neuropeptides that could play a part in astrocytic plasticity in the SCN.
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