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Abstract
Calcium waves among glial cells impact many central nervous system functions, including neural
integration and brain metabolism. Here, we have characterized the modulatory effects of
melatonin, a pineal neurohormone that mediates circadian and seasonal processes, on glial calcium
waves derived from different brain regions and species. Diencephalic and telencephalic astrocytes,
from both chick and mouse brains, expressed melatonin receptor proteins. Further, using the
calcium-sensitive dye Fluo-4, we conducted real-time imaging analyses of calcium waves
propagated among mammalian and avian astrocytes. Mouse diencephalic astrocytic calcium waves
spread to an area 2-5 fold larger than waves among avian astrocytes and application of 10 nM
melatonin caused a 32% increase in the spread of these mammalian calcium waves, similar to the
23% increase observed in chick diencephalic astrocytes. In contrast, melatonin had no effect on
calcium waves in either avian or mammalian telencephalic astrocytes. Mouse telencephalic
calcium waves radially spread from their initiation site among untreated astrocytes. However,
waves meandered among mouse diencephalic astrocytes, taking heterogeneous paths at variable
rates of propagation. Brain regional differences in wave propagation were abolished by melatonin,
as diencephalic astrocytes acquired more telencephalon-like wave characteristics. Astrocytes
cultured from different brain regions, therefore, possess fundamentally disparate mechanisms of
calcium wave propagation and responses to melatonin. These results suggest multiple roles for
melatonin receptors in the regulation of astroglial function, impacting specific brain regions
differentially.
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Introduction
The discovery of calcium wave propagation among glial cells has expanded the potential
roles of glia in nervous system function. These new roles include the modulation of short-
term plasticity at the neuromuscular junction (Colomar and Robitaille, 2004), neuronal
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signaling in hippocampal slice preparations (Volterra and Steinhauser, 2004), synaptic
transmission and neuronal excitability in the mammalian retina (Newman, 2004), and
neuronal proliferation during cortical development (Weissman et al., 2005). Since the
observation that a rise in intracellular calcium in cultured astrocytes resulted in the release of
glutamate (Parpura et al., 1994), a growing volume of studies have implicated glial calcium
waves in the modulation of neuronal integration (Volterra et al., 2002) and a wide-range of
other brain mechanisms, including the mediation of synchrony of neuronal activation (Fellin
et al., 2004), the modulation of cerebrovascular constriction and microcirculation (Anderson
and Nedergaard, 2003; Mulligan and MacVicar, 2004), and neocortical spreading depression
(Peters et al., 2003). Besides mediating signaling among other glia, neurons, and vascular
cells, glial calcium waves regulate the spatial coordination of glucose utilization and energy
metabolism in response to localized synaptic activity (Bernardinelli et al., 2004) Given this
emerging relationship between glial calcium waves and brain function and the fact that
melatonin receptors are highly expressed in astrocytes (Reppert et al., 1995; Adachi et al.,
2002), we have begun to investigate a role for melatonin modulation of glial calcium waves
in the regulation of biological clock outputs and circadian rhythmicity (Peters et al., 2005).

Neurons of the suprachiasmatic nucleus (SCN) in mammals, and a homologous
hypothalamic structure in birds, are considered the master pacemakers of vertebrate
biological rhythms (Ebihara and Kawamura, 1981; Takahashi and Menaker, 1982; Moore,
1983; Welsh et al., 1995; Klein et al., 1997). Rhythmic SCN outputs activate hypothalamic-
to-autonomic signaling pathways that culminate in sympathetic modulation (via the superior
cervical ganglia) of the pineal gland (Klein et al., 1997; Moore & Silver 1998). This
modulatory pathway regulates the rhythmic production and release of melatonin from the
pineal, such that circulating blood levels of the neurohormone are low during the day and
high during the night in both birds and mammals (Pang and Ralph, 1975; Cassone and
Menaker, 1983; Cassone et al., 1986b). Day-night rhythms of melatonin release are
entrained to environmental light-dark cycles by sensory inputs to the SCN from the neural
retina via the retinohypothalamic tract (RHT; Rusak, 1979; Reppert et al., 1981; Cassone et
al., 1990).

Melatonin directly influences circadian rhythms. Rhythmic melatonin administration
entrains locomotor activity, inhibits SCN metabolic activity in vivo, inhibits SCN electrical
activity in vitro and phase shifts the SCN clock in vitro (Redman et al., 1983; Cassone et al.,
1988; Shibata et al., 1989; Gillette & McArthur, 1996). Not surprisingly, two of the three G-
protein-coupled melatonin receptors that have been identified, the Mel1a (MT1) and Mel1b
(MT2) subtypes, are highly expressed in the mammalian SCN (Weaver et al., 1989; Reppert
et al., 1996; von Gall et al., 2002; Dubocovich et al., 2003). In birds, melatonin receptor
expression is high in many brain regions, including the hypothalamus and visual system
structures (Rivkees et al., 1989; Weaver et al., 1989; Brooks & Cassone, 1992; Cassone et
al., 1995). Thus, the same hypothalamic structures that drive or entrain rhythmic melatonin
production and release, are direct targets of the neurohormone's modulatory action.

Identification of the avian melatonin receptor subtypes suggest that the Mel1a receptor is
found mainly on neurons of the brain, while the Mel1c receptor is found on non-neuronal
cells, primarily astrocytes (Reppert et al., 1995). In the chick, all astrocytes of the
diencephalon express the mRNA of the Mel1c receptor, while only 25% express the Mel1a
receptor (Adachi et al., 2002). None of these astrocytes appear to express the Mel1b receptor.
Melatonin modulates glucose uptake and the release of glycolytic byproducts from
astrocytic cultures (Adachi et al., 2002) and affects changes in brain metabolism in vivo (Lu
and Cassone, 1993; Cantwell and Cassone, 2002). Melatonin also modulates resting levels
of astrocytic calcium and facilitates the spread of intercellular calcium waves among
astrocytes (Peters et al., 2005).
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Because melatonin receptors are expressed in many brain regions (Rivkees et al., 1989;
Weaver et al., 1989; Reppert et al., 1995), including telencephalic structures, we have tested
whether melatonin affects differential responses in mouse and chicken astrocytes isolated
from both the diencephalon and telencephalon. We hypothesized that the effects of
melatonin on vertebrate brain physiology, in this case calcium signaling, would be greatest
in diencephalic astrocytes.

Methods
Cell culture

Chick astrocyte culture—Glial cells were prepared from chick embryonic (E17) eggs
(Hyline Hatcheries, Bryan, TX). Embryos were extracted, the brains were dissected, and
meninges were removed. Telencephalic tissue and diencephalic tissue, where the SCN of the
hypothalamus is located, were placed in separate petri dishes containing minimal essential
medium with Earle's salts (MEM; Gibco/Invitrogen, Grand Island, NY) and 1% PSN
antibiotic (penicillin, streptomycin, neomycin; Gibco/Invitrogen). Tissue was dissociated
using gentle trituration with MEM containing 3U/ml dispase (Gibco/Invitrogen) while
stirring at a low speed on a stir plate. Dissociated tissue in suspension was extracted after 10
minutes and placed into a 15 ml conical tube. Additional dissociation media was added to
the non-dissociated tissue along with 80 μl of 8000 U/ml Dnase I solution (Sigma, St. Louis,
MO) and allowed to stir for 10 more minutes. Another extraction of dissociated tissue was
performed. Dissociated tissue from the 15 ml conical tubes was pooled into a 50 ml conical
tube and centrifuged at 1000X g for 10 minutes at 4° C. Media was aspirated from the cell
pellets, and cells were re-suspended in MEM with 10% fetal bovine serum (FBS) and 1%
PSN antibiotic, and seeded into 75 cm2 tissue culture flasks. All astrocyte cultures were
maintained in darkness at 37°C with 95% air and 5% CO2 in a humidified Napco CO2
incubator. Culture media was changed after 18-24 hours and then every three days until cell
cultures reached confluence (approximately 10 – 14 days).

A second chick cell culture approach, previously described for avian diencephalic astrocytes
(Peters et al., 2005), was employed for comparative purposes. In this approach, diencephalic
tissue was placed in Dulbecco's modified Eagle's medium (DMEM, Sigma, St. Louis, MO)
and dissociated using titration with 1% trypsin. Cells were filtered through nylon mesh (180
mm pore diameter) and centrifuged for 5 minutes at 1000X g. The supernatant was removed
and the pellet was re-suspended in DMEM with 10% fetal bovine serum (FBS) and 1% PSN
antibiotic (penicillin, streptomycin, neomycin; Gibco/Invitrogen, Grand Island, NY). The
suspension was filtered again through nylon mesh (77 mm pore diameter) and seeded into
75 cm2 tissue culture flasks. Initial isolation of the tissues and subsequent incubation
conditions were identical to the first culture approach.

Mammalian astrocyte culture—One day old C57Bl/6J mice were killed by decapitation
and primary astrocytes were isolated from cortex (telencephalon) or hypothalamus
(diencephalon) essentially as previously described (Aschner et al., 1992; Erikson and
Aschner, 2002). Tissue was rapidly dissected and meninges were removed under a
stereomicroscope (Olympus) in isolation medium consisting of Modified Eagle's Medium
containing Earle's salts (Invitrogen) and penicillin-streptomycin-neomycin (PSN) at twice
the concentration present in normal growth medium (0.001 mg/ml for penicillin and
streptomycine and 0.002 mg/ml for neomycin, respectively). Tissue extractions were
performed in isolation medium containing 1.5 U/ml dispase (Sigma). The number of
extractions was reduced by half to accommodate the lower yield of tissue from mice as
compared to rats. Astroglial cultures were maintained at 37 C, 5% CO2 in Minimal Essential
Medium (MEM) supplemented with Earle's salts, 10% FBS, and PSN, and grown 18 days to
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confluence prior to experiments. All studies utilizing primary cultured astrocytes from mice
were carried out under approved animal use protocol number 2001-209 at Texas A&M
University.

Calcium imaging
Confluent astrocyte cultures were sub-cultured onto coverglass chamber slides (Lab-Tek)
and allowed to grow to confluence (6-7 days). Cells were loaded with 4 μM Fluo-4 (diluted
from a 2 mM Fluo-4 stock in DMSO; Molecular Probes, Eugene, OR) in imaging medium
(MEM with HEPES and L-glutamine and without phenol red) for 45 minutes at 37° C in a
5% CO2 cell culture incubator. Cells were then washed twice and treated with melatonin
(Sigma) or DMSO vehicle (0.01%) for 30 minutes prior to imaging. Calcium imaging was
conducted at room temperature with an Olympus IX70 inverted microscope and 10X
PlanAprochromat air objective. Images were acquired using an Orca-ER CCD camera
(Hamamatsu) and an entire field of cells (approximately 1 mm2) was designated as a region
of interest (ROI) for analysis. Resting calcium levels were first obtained from a ROI and
then a single glial cell was stimulated using mechanical stimulation with a
micromanipulated, glass micropipette to elicit a calcium wave. The area of the spread of the
wave was calculated using SimplePCI 4.0 imaging software (Compix, Inc., Cranberry
Township, PA). Images were collected every 0.5 seconds for 1.5 minutes in order to permit
recording of the initiation, rate of spread, and maximal extent of the spread of the calcium
wave through each ROI. Even using the 10× objective, the wave occasionally spread beyond
the field of view, indicating that the calculated areas of cells involved in the wave are likely
somewhat underestimate the full extent of wave propagation (Fig. 1A).

For each of the four astrocytic culture groups used in calcium wave experiments, 8-10
embryonic brains (either mouse or chick) were used to establish initial cultures. Each
calcium data set included three independent initial cultures. Thus, brain tissue from
approximately 30 chicks and 30 mice contributed to the calcium wave studies. Astrocytes
were passaged 1-2 times in culture flasks prior to expansion on multi-well, experimental
dishes. The number of regions of interest (i.e., calcium waves) collected from each culture
well was restricted to ensure that that all cells were naïve prior to activation as part of an
intercellular wave. That is, a criterion was used where no cells involved in a calcium wave
were used for a subsequent data point.

Immunocytochemistry and cell counts
Cell cultures were plated on glass-bottom dishes for 5-7 days. Wells were fixed with 4%
paraformaldehyde fixative for 10 minutes, and were then washed three times in PBS (pH
7.6) for 10 minutes each. Next they were washed with PBS with 1% Triton-X (PBT) for 10
minutes and blocked with 5% goat serum in PBT (PBS-GT) for 10 minutes. They were
reacted with glial fibrillary acidic protein antibody (GFAP; Incstar, Stillwater, MN; 1:1000)
in PBT-GT overnight at 4°C. Controls were incubated overnight with block (PBS-GT)
instead of primary antibody. The cells were then put through a series of 10 minutes washes
with block, PBT, and PBS. The cells were incubated in FITC-tagged, goat anti-rabbit
antibody (1:1000) in PBS-GT overnight at 4°C. Slides were then rinsed with PBS and
viewed on an inverted fluorescence microscope using FITC optical configurations. Images
were obtained of the cells using the Orca ER CCD camera.

For estimation of cell numbers, differential interference contrast (DIC) optical images were
captured using Simple PCI software (C-Imaging, Inc). Image files were imported into
Adobe Photoshop and were contrast-enhanced for maximal resolution of cell nuclei (Fig.
1A). Dual captures of DIC images and anti-GFAP staining were used to estimate the
percentage of glial cells in a culture. In all experiments, regions of interest (ROIs) equaled
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1000 × 103 μm2. Using empirically-determined cell counts for each culture type (i.e., chick
diencephalic, etc.), the number of cells involved in a calcium wave was estimated by
multiplying the average number cells per ROI (cells/μm2) times the area of the wave (μm2).

Western blot analysis
Protein was extracted from confluent cell cultures with Trizol reagent using Invitrogen
Trizol protocol, quantified with Total Protein Assay (Sigma), and 30ug was loaded and run
on Tris-HCl (4-20% gradient; Bio-Rad) gels. Protein was transferred to nitrocellulose
membrane. Membrane was blocked with blocking buffer (10% dry milk in PBS; pH 7.6) for
30 minutes and incubated with melatonin receptor antibody (chick Mel1a or Mel1c; 1:1000
and mammalian Mel1a (MT1); 1:1000 or Mel1b (MT2); 1:250; Lifespan Biosciences) in
blocking buffer overnight at 4°C. Membrane was washed three times with PBS for 10
minutes each wash and then incubated with biotinylated goat anti-rabbit antibody (1:500) in
blocking buffer for 1 hour at room temperature. It was then washed three times with PBS for
10 minutes each wash and then incubated with Avidin-Biotin Complex (ABC kit; Vector
labs) for 1 hour at room temperature. The membrane was washed three times with PBS for
10 minutes each wash and then incubated with DAB until there was a color contrast (about
10-15 minutes).

Statistics
As mentioned above, approximately 30 embryonic brains contributed to the initial cultures
representing each species and brain region. Subsequently, multiple culture expansions were
conducted to generate the experimental culture wells. Multiple ROIs were collected from a
single well only if the first calcium wave had not invaded this region of cells. n throughout
the paper equals the total number of ROIs studied across culture wells. Calcium imaging
data was analyzed using Microsoft Excel and treatment groups statistically compared using
t-tests or one-way ANOVA. Student-Newman-Keuls posthoc test was used when significant
differences were found. In all cases p<0.05 level was used to determine minimum
significance.

Results
Following dissociation of mouse and avian brain tissues, telencephalic and diencephalic cell
cultures of each were grown in conditions that promote the enrichment of astrocytes and
were brought to confluence (Fig. 1A). Cultures derived from the two brain regions of mouse
embryos contained similar cell numbers (based on counts of nuclei) when confluent. Mouse
telencephalic and diencephalic cultures contained 842 ± 22 and 816 ± 67 cells in an area of
1000 × 103 μm2, respectively (mean ± s.e.m.; p=0.65; n=3). Chick telencephalic and
diencephalic cultures were more disparate in there cell counts, but were still not significantly
different (p=0.08). The telencephalic and diencephalic cultures possessed 783 ± 36 and 667
± 14 cells in 1000 × 103 μm2, respectively. Each of the four cell culture groups exhibited
wide-spread expression glial fibrillary acidic protein (GFAP), demonstrating that the
cultures were composed predominantly of astrocytes (Fig. 1B). Using dual DIC and anti-
GFAP imaging, the estimated percentage of glial cells in each of the four cultures ranged
from 84.0 ± 4.9 to 87.1 ± 4.8%. Thus, whether derived from chick or mouse brain, or
diencephalic or telencephalic tissues, the cultures used in these studies had similar total cell
numbers, the vast majority of which were glial.

Astrocyte cultures, whether telencephalic or diencephalic, elicited intercellular calcium
waves when a single cell was stimulated by the touch of a micropipette. Calcium waves
spread from the stimulated cell to neighboring cells and propagated among large numbers of
glial cells in the confluent culture (Fig. 1C-H). The spread of the calcium waves varied
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dramatically between avian and mammalian astroglial cultures. In mouse telencephalic
cultures, waves spread to an area 3.4-fold larger than the mouse diencephalic waves (466.1 ±
13.7 × 103 μm2 versus 135.8 ± 26.7 × 103 μm2; mean ± s.e.m.; Fig. 2A). Wave spread in the
telencephalic cultures was radial in nature, with the leading edge of the wave advancing
concentrically (Fig. 2B). In diencephalic cultures, wave spread was characterized by an
uneven rate of wave advance (Fig. 2C, black triangles) and the direction of the wave spread
was irregular throughout the ROI, often making turns that left large areas of the culture
uninvolved in the wave (Fig. 2C, arrow).

In chick astrocyte cultures, the area of the spread of the calcium wave was similar in both
the telencephalic and diencephalic groups (58.0 ± 4.5 × 103 μm2 and 59.6 ± 4.5 × 103 μm2,
respectively; Fig. 3A). The telencephalic (Fig. 3B) and the diencephalic (Fig. 3C) waves
spread from the point of stimulation in a highly variable fashion. That is, the rate of spread
was uneven, with the wave advancing into some areas of the ROI rapidly, but more slowly
into others.

Differences in calcium waves among astrocytes of mammals and birds
Calcium waves in mouse astrocytes involved many more cells (Fig. 4A) and spread more
rapidly (Fig. 4B) than waves in chick astrocytes. The total estimated number of cells
involved in the wave, following an increase in intracellular calcium in a single stimulated
cell, was greatest in the telencephalic mouse cultures with approximately 400 cells involved
compared to 100 cells in the diencephalic mouse cultures (Fig. 4A). Thus, mouse
telencephalic waves involved almost that 4 times the number of astrocytes, compared to
diencephalic waves. In addition, mouse astrocytic calcium waves involved 4 to 10 times the
number of cells involved in chick astrocytic waves. Chick telencephalic and diencephalic
cultures had essentially the same number of cells involved, 45 and 40, respectively (Fig.
4A). Calcium waves in mouse astrocyte cultures spread faster than those of chick astrocytes
(Fig. 4B). The rate of the spread was approximately 9 cells/second (telencephalic) and 5
cells/second (diencephalic) for mouse astrocytes as compared to 2 cells/second in both
telencephalic and diencephalic chick astrocytes.

Effects of melatonin on calcium waves
When 10 nM melatonin was administered to the cultures for 30 minutes prior to touch
stimulation, the area of the spread of the wave (at 30 seconds after touch) increased 32%
over control waves among diencephalic mouse astrocytes (Fig. 5A). However, there was no
effect of the melatonin on the telencephalic mouse astrocytes. Melatonin (10 nM) increased
the spread of the calcium wave 23% in chick diencephalic cultures (Fig. 5B). As in the
mouse cell cultures, telencephalic chick astrocytes were not affected by melatonin, as the
area of the spread of the wave in hormone-treated cultures was not significantly different
than that of controls (Fig. 5B). Thus, melatonin caused a 20-30% increase in the number of
cells involved in a calcium wave, or 10-60 additional diencephalic astrocytes, in chick and
mouse cell cultures.

Melatonin also significantly increased the rate of wave spread among mammalian
diencephalic astroglia as compared to untreated controls (p<0.04; n=10; Fig. 6A), but had no
effect on the rate of propagation of telencephalic astrocytes (p=0.21; n=10). A similar
facilitation of wave propagation rate was induced by melatonin in chick diencephalic
cultures (p<0.01; n=27; Fig. 6B) and, again, melatonin had little effect on the rate of wave
spread among chick telencephalic astrocytes (p=0.11; n=13).

The effects of 10 nM melatonin on the mouse diencephalic astrocytes, not only involved
increases in the area and rate of wave spread, but elicited other wave characteristics similar
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to those observed in telencephalic astrocytes. Telencephalic waves were propagated in a
radial and concentric manner, as shown in Figure 7A. The leading edge of the wave at 5, 15,
and 30 second time points, rarely overlapped in telencephalic astrocytes demonstrating that
they spread in all directions at similar rates. The spread of diencephalic waves in control
cultures was more varied with inconsistent rates and directions of propagation (Fig. 7B).
Following melatonin treatment, diencephalic waves were similar in their pattern of spread to
those of telencephalic waves (Fig. 7B), suggesting that melatonin induced a change in the
underlying mechanisms of wave propagation.

It should be noted that species-specific differences are not likely due to differences in cell
cultures conditions. We employed two different approaches to culture avian diencephalic
astrocytes including conventional chick astrocytic protocols (Peters et al., 2005), as well as
procedures developed to more closely matched our mammalian culture conditions (see
Methods). The spread of calcium waves in chick diencephalic astrocytes was not
significantly different between culture approaches (p=0.35; n=10-17). The area of calcium
waves, 30 seconds following stimulation, was 53.4 × 103 μm2 and 60.7 × 103 μm2, using
conventional and modified culture approaches, respectively. Thus, avian calcium waves do
not likely involve fewer cells as a consequence of deficient culture conditions, as compared
to mammalian glial cultures, but rather due to inherent properties of chick astrocytes.

Melatonin receptor expression in mouse and chick astrocytes
Immunocytochemical approaches were not sensitive enough to detect differences in receptor
expression, presumably due to low antigen-antibody affinity. Therefore, we conducted
western blot analyses to test for the presence of the receptor subtypes in protein extracts
derived from cell cultures of diencephalic and telencephalic astrocytes from both mouse and
chick. Both Mel1a and Mel1c antibodies labeled proteins in whole cell extracts from chick
diencephalic and telencephalic cultures (Fig. 8A). Similarly, antibodies to mammalian
melatonin receptors, Mel1a and Mel1b, detected proteins in extracts from mouse diencephalic
and telencephalic astrocytes (Fig. 8B).

Discussion
Astrocytes have many functions, ranging from buffering ions and neurotransmitters to
regulating the transport of metabolites between the blood vessels and neurons (Tsacopoulos
and Magistretti, 1996; Magistretti, 2000; Nedergaard et al., 2003; Simard and Nedergaard,
2004). Astrocytes are closely apposed to neurons and synapses of the central nervous system
are typically ensheathed by glial processes (Schikorski and Stevens, 1997; Ventura and
Harris, 1999). Recently, a role for astrocytes in the regulation of neural communication and
synaptic function has been discovered (Haydon, 2001; Volterra et al., 2002; Auld and
Robitaille, 2003; Braet et al., 2004). In the light of this emerging integrative function of
astrocytes, it is important to determine whether astrocyte-astrocyte and astrocyte-neuron
interactions are different among diverse brain regions and how modulators of neural
function affect these interactions. For example, in the hypothalamus, astrocyte-neuron
signaling is thought to regulate gonadotropin-releasing hormone (GnRH) secretion and
production (Dhandapani et al., 2003). Hypothalamic astrocytes modulate synaptic plasticity
associated with GnRH neurons, perhaps involving dynamic glial ensheathment, the
extension and retraction of glial processes (Witkin et al., 1995; Witkin et al., 1997). Glial
cells modulate synaptic activity of hippocampal neurons by releasing glutamate in a
calcium-dependent manner (Parpura and Haydon, 2000) and glial glutamate release
synchronizes neural activity in hippocampal slices (Angulo et al., 2004).

Astrocytes are abundant in the hypothalamus (Morin et al., 1989). Diencephalic structures,
including the hypothalamus, express several types of G-protein-coupled melatonin receptors
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(Weaver et al., 1989; Brooks & Cassone, 1992; Cassone et al., 1995; Reppert et al., 1995;
Reppert et al., 1996; von Gall et al., 2002) and calcium signaling and gap junctional
communication among diencephalic astrocytes is modulated by melatonin (Peters et al.,
2005). Using western blot analyses, we have demonstrated that Mel1a (MT1) and Mel1b
(MT2) proteins are present in both hypothalamic and cortical astrocytes of mice, while
Mel1a (MT1) and Mel1c receptor proteins are present in chick diencephalic and telencephalic
astrocytes. Melatonin caused robust enhancement in the spread of intercellular calcium
waves among diencephalic astrocytes of both birds and mammals, but had no effect on
calcium waves among telencephalic astrocytes in either species. Thus, besides its canonical
roles in the regulation of vertebrate visual and circadian pathways, melatonin regulates
calcium signal communication among hypothalamic glial cells.

Why does melatonin affect calcium signaling only in diencephalic astrocytes, when
telencephalic glial cells also expressed melatonin receptors? Calcium waves propagating
among mouse telencephalic astrocytes were robust and pervasive, involving many more
cells on average than control diencephalic cultures. Following melatonin-induced
facilitation, mouse diencephalic calcium waves were indistinguishable from those of
telencephalic cultures, including the number of cells involved, the rate of wave spread, and
the dynamic manner of propagation (i.e., radial rather than multidirectional). It is possible
that melatonin had little effect on calcium signaling in mouse cortical astrocytes because
these cultures already possessed maximal propagation dynamics prior to melatonin receptor
activation; however, it is more likely that region-specific astrocytes have intrinsically
difference cellular responses to melatonin receptor activation. In fact, the extent of astroglial
calcium wave propagation varies across brain regions, with cortical and hippocampal waves
often spreading twice that of those in astrocytes from hypothalamus and brain stem
(Blomstrand et al., 1999). Interestingly, serotonin affects calcium signaling in a manner that
is completely opposite that of melatonin. Serotonin decreases the spread of calcium waves in
cortical and hippocampal astrocytes, but has no effect on hypothalamic astroglial waves and
inhibits waves among brain stem astrocytes (Blomstrand et al., 1999).

Astrocytes respond to increases in brain activity, via neuronal glutamate release, by
increasing consumption of glucose and production of lactate (Pellerin and Magistretti,
1994). Neurons then preferentially utilize this glia-supplied lactate to meet their energy
demands, a process called the astrocyte-neuron lactate shuttle (Kasischke et al., 2004).
Melatonin modulates glucose uptake in astrocytes and their production and release of
pyruvate and lactate (Adachi et al., 2002). Sodium-dependent glucose uptake by glial cells is
also influenced by intercellular calcium waves propagating among mouse cortical astrocytes
(Bernardinelli et al., 2004) and astrocytic calcium signals influence endothelial and smooth
muscle cells of brain vasculature, affecting blood flow (Braet et al., 2004). Astrocytes,
therefore, function as a cellular network for metabolic coupling in the brain and this
coupling can be regulated by intercellular calcium signal communication. Melatonin-
mediated regulation of glial calcium signaling or glucose uptake, we predict, would have a
significant homeostatic impact on melatonin-sensitive brain regions, particularly the
hypothalamus, but also astrocyte-neuron networks in telencephalic structures. Interestingly,
cortical mouse astrocytes have recently been showed to express genes involved in the
regulation of circadian rhythmicity (Prolo et al., 2005). Thus, it is likely that the biological
clock impacts cortical function. Whether or not melatonin might be involved in this
regulation, even if not affecting calcium signaling, remains to be determined.

Although calcium waves among diencephalic, but not telencephalic, astrocytes were
facilitated by melatonin in both mouse and chick, fundamental differences were observed
between these chick and mouse intercellular waves. Calcium waves among chick astrocytes
involved many fewer cells than did those in mouse cultures. Why do intercellular calcium
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waves spread better among mouse astrocytes than among chick astrocytes? These species
differences are not likely due to cell cultures conditions as several were compared, including
conventional chick astrocytic protocols and approaches that more closely match mammalian
culture conditions. More likely, these differences reflect species-specific heterogeneity of
astrocytes (e.g., receptor phenotypes, signaling mechanisms) in the glial cultures.

The mechanisms underlying mammalian calcium waves have been studied in much greater
detail than avian calcium waves. Purinergic extracellular signaling via ATP mediates
calcium waves among mammalian astrocytes (Guthrie et al. 1999), as well as other
diffusible signals such as nitric oxide and prostaglandins (Charles, 1998). In addition,
cytoplasmic signaling via gap junctions likely mediates calcium waves among some glia
(Charles, 1998; Scemes, 2000; Bennett et al., 2003; Braet et al., 2004). It is likely that both
avian and mammalian astrocytes employ combinations of signaling mechanisms for wave
propagation. In fact, downregulation of connexin43 alters expression of the P2Y purinergic
receptor subtype in spinal cord astrocytes, suggesting a complex interaction between gap
junctional and extracellular modes of glial communication (Suadicani et al., 2003). The
irregular, multidirectional and restricted spread of chick calcium waves indicates a greater
role for gap junctions in these avian astrocytes. While in mouse astrocytes, the radial,
pulsating and pervasive spread of calcium waves suggests a diffusible and less constrained
paracrine mechanism. This idea is supported by calcium wave studies of chick diencephalic
astrocytes that indicate substantial dye coupling among astrocytes and minimal effects of
paracrine signaling antagonists (Peters et al., 2005) and studies of mouse telencephalic
astrocytes where paracrine signaling via ATP is a key mechanism in wave propagation
(Guthrie et al., 1999). Rat astrocyte cultures derived from the hypothalamus possess greater
dye coupling and levels of connexin43 expression than cortical glial cell cultures
(Blomstrand et al., 1999). In chick astrocytes, melatonin induces a fundamental shift in cell-
cell communication, facilitating calcium waves, while suppressing gap junctional coupling
and connexin43 expression (Peters et al., 2005). Interestingly, a potential role for connexins
in both gap junctional and paracrine (i.e., functioning as hemichannels) signaling is
emerging (Goodenough and Paul, 2003; Bennett et al., 2003). Thus, we hypothesize that
those disparate mechanisms of astrocytic signaling account for the differences in
propagation of intercellular calcium waves between birds and mammals. In support of this
interpretation, disruption of extracellular signaling pathways known to mediate calcium
waves among mammalian astrocytes, namely ATP, nitric oxide, and prostaglandins
(Charles, 1998; Guthrie et al., 1999; Fam et al., 2000), have little effect on waves among
chick diencephalic astrocytes (Peters et al., 2005).

Nocturnal versus diurnal activity patterns
Rodents are generally nocturnal animals (i.e., more active at night), whereas most birds are
diurnal (i.e., more active in the day). One might expect pineal melatonin levels to be phase-
linked with activity patterns across species; that is, melatonin should be highest in all species
when they sleep. On the contrary, melatonin levels peak in the circulation of both diurnal
birds and nocturnal rodents at night (Pang and Ralph, 1975; Cassone and Menaker, 1983;
Cassone et al., 1986b). Therefore, the link between melatonin rhythms and activity rhythms
must be found in the nature of the cellular and molecular mechanisms of melatonin action.
In part, this will be answered as more becomes known about the signaling pathways
involved in melatonin transduction in diverse species. As mentioned above, mammals and
birds, express Mel1a (MT1) and Mel1b (MT2) receptors; however, birds, but not mammals,
express the Mel1c receptor, particularly on astrocytes (Weaver et al., 1989; Cassone et al.,
1995; Reppert et al., 1996; von Gall et al., 2002; Adachi et al., 2002). Nevertheless, with
regard to intercellular calcium signaling, melatonin facilitated both avian and mammalian
astrocytic waves.
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Why is the effect of melatonin on calcium waves the same in nocturnal mice and diurnal
chicks? In fact, although the melatonin-induced response was facilitatory in both species, the
astrocytic responses were not identical. Melatonin facilitated avian diencephalic calcium
signaling such that waves became less telencephalic in their propagation. In fact, chick
diencephalic astrocytes exhibit a fundamental shift in intercellular coupling following
activation of their melatonin receptors (Peters et al., 2005). This switch in mode of coupling
involves a facilitation of paracrine signaling (i.e., intercellular calcium waves as reported
here) and a suppression of cytoplasmic signaling (i.e., gap junctional coupling). In
comparison, melatonin facilitated calcium waves in mouse diencephalic astrocytes such that
their spread attained more telencephalic-like features, including a radial and concentric
wave, rather than the meandering one present prior to melatonin receptor activation. Like
chick astrocytes, melatonin may induce a shift in the mode of mammalian astroglial cell
coupling that is detectable as alterations in the nature of wave transmission. Until more is
known about the transduction pathways mediating melatonin receptor and calcium signaling
in nocturnal and diurnal species, and how these cellular pathways mediate circadian
behavior, the role of melatonin and glial calcium waves in these processes will remain
unclear.

Glial calcium signaling and brain function
The similarity and disparity of calcium wave propagation between mouse and chick
astrocytes are only meaningful if such waves impact brain function and animal behavior.
Recently, a role for glia in modulating neuronal signaling in the brain and retina has been
determined and has given rise to the tripartite synapse hypothesis (Araque et al., 1999;
Volterra et al., 2002; Nedergaard et al., 2003; Newman, 2003). This idea implicates
astrocytes in neural integration at synaptic contacts. Specifically, glial calcium signaling
regulates neurotransmitter release from glia cells in cell culture (Parpura et al., 1994; Araque
et al., 1999), modulates retinal activity (Newman and Zahs, 1998), and likely mediates
glutamate release from astrocytes, which in turn synchronizes neuronal activity in
hippocampal slices (Angulo et al., 2004).

Viewed in the context of the tripartite synapse hypothesis, a melatonin-mediated change in
hypothalamic calcium waves would impart fundamental and far-reaching changes in an
animal's physiology. Hypothalamic nuclei mediate vast regulatory influences over
autonomic physiology, endocrine signaling, and behavioral states of vertebrate animals
(Aston-Jones et al., 2001; Saper et al., 2001), including blood pressure, body temperature,
sleep/wake cycles, food intake, and energy metabolism. It is, in fact, neurons of
hypothalamic nuclei (i.e., the SCN) in mammals and birds that set the pace of biological
rhythms (Ebihara and Kawamura, 1981; Takahashi and Menaker, 1982; Moore, 1983; Klein
et al., 1997), including pineal production and release of melatonin (Cassone and Menaker,
1983; Klein et al., 1997; Moore & Silver 1998). Since high affinity melatonin receptors are
expressed in neural cells of the hypothalamus, a regulatory feedback loop has been
suggested involving the hypothalamus and the pineal gland (Cassone and Menaker, 1984;
Cassone et al., 1986a; Cagampang et al, 1994). Melatonin alters diencephalic glial
physiology in many ways, both in terms of metabolic activity (Adachi et al., 2002) and in
cell-to-cell communication (Peters et al., 2005). The modulation of glial calcium waves
reported here, defines a feedback mechanism by which melatonin could profoundly alter the
synchrony of neuronal activities in the hypothalamus. Thus, the daily rise and fall of
melatonin levels in the brain would profoundly impact the function of the same neural
structures that drive the ebb and flow of this neurohormone's production.
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Figure 1.
Ca+2 wave propagation through a confluent mammalian astrocyte culture. A-B. DIC image
of a region of interest of telencephalic mammalian astrocytes (A). The same field of view as
in A is illustrated for anti-GFAP fluorescence (B). Astrocyte cultures were 85% glial as
determined by GFAP immunocytochemistry. Bar equals 100 μm (for panels A-B). C-H.
Pseudo-colored image of an intercellular calcium wave. A region of telencephalic mouse
astrocytes, loaded with Fluo-4 AM, shows selected frames from a calcium wave sequence.
After resting levels of calcium were obtained, a single cell was activated by mechanical
stimulation (arrow in D; Stim) and this touch stimulation initiated a Ca+2 wave that spread
to surrounding glial cells. Bar equals 200 μm (for panels C-H).
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Figure 2.
Differential spread of calcium waves in mammalian astrocyte cultures. A. Following
stimulation of mammalian astrocytes, Ca+2 waves had spread farther in telencephalic (Telen;
*, p<0.0001, n=10) than in diencephalic cultures (Dien; n=10) after 90 seconds of
propagation. B-C. The spread of Ca+2 waves in the telencephalic cultures (B) was radial and
more synchronous than in the diencephalic cultures (C), where waves spread irregularly.
Two representative waves from each group indicate the area of wave spread in 5-second
intervals (shades of gray) from touch stimulation site (black area). Calcium waves among
diencephalic astrocytes made hairpin turns (arrow) and unequal advances of the wave front
(arrowheads). These features were not seen in telencephalic cultures. Bar equals 200 μm.
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Figure 3.
The spread of calcium waves among avian astrocytes was homogeneous. A. In chick
astrocyte cultures, the spread of the Ca+2 waves after 90 seconds was the same in
telencephalic (Telen; n=12) and diencephalic (Dien; n=27) cultures. However the spread of
the waves was dramatically reduced from those seen in the mammalian astrocytes. Note the
scale of the y-axis. B-C. The nature of the spread of the wave was similar in both the chick
telencephalic (B) and diencephalic (C) cultures. Two representative waves from each group
indicate the area of wave spread in 5-second intervals (shades of gray) from the touch
stimulation site (black area). Calcium waves among the astrocyte cultures made hairpin
turns (arrow) and had unequal advances of the wave front (arrowhead). Bar equals 200 μm.
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Figure 4.
Ca+2 wave propagation differs between mammalian and avian astrocytes. A. The estimated
number of cells involved in calcium waves was greater in telencephalic mouse cultures than
in the diencephalic mouse cultures (MT vs MD; *, p<0.001, n=10). There were also more
cells involved in the mouse telencephalic (MT vs CT and CD; **, p<0.0001, n=10-27) and
mouse diencephalic (MD vs CT and CD; †, p<0.003, n=10-27) cultures than in either of the
chick astrocyte groups. Chick telencephalic and diencephalic cultures had essentially the
same number of cells involved in Ca+2 waves (n=13-27). B. Similar to the number of cells
involved in Ca+2 waves, the rate of the spread of the wave was faster in the mouse
telencephalic and diencephalic astrocytes than either of the chick astrocyte cultures (MT vs
CT and CD; **, p<0.0001, n=10-27; and MD vs CT and CD; †, p<0.01, n=10-27). Mouse
telencephalic waves spread faster than mouse diencephalic waves (MT vs MD; *, p<0.003,
n=10), whereas the rate of spread was similar between the chick telencephalic and
diencephalic waves (n=13-27).

Peters et al. Page 18

J Comp Neurol. Author manuscript; available in PMC 2008 October 27.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
Melatonin enhances intercellular calcium waves in diencephalic, but not telencephalic, glial
cultures. A. Mouse astrocyte cultures. Following application of 10 nM melatonin, the area of
the Ca+2 wave spread after 30 seconds was increased over control (DMSO-treated) cultures
in mouse diencephalic astrocytes (*, p<0.03, n=10), while there was little effect of melatonin
on calcium waves among telencephalic glial cells (n=10). B. Chick astrocyte cultures.
Nanomolar melatonin also increased the area of the Ca+2 wave spread after 30 seconds in
chick diencephalic astrocytes (*, p<0.01, n=27), as compared to DMSO-treated controls, but
had no effect on waves of telencephalic cultures (n=10).
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Figure 6.
Melatonin increased the rate of calcium wave spread among diencephalic, but not
telencephalic, glial cultures. A. Mouse astrocyte cultures. Following application of 10 nM
melatonin, the rate of the wave spread in these treated cultures was faster than the rate of
wave spread in control (DMSO-treated) cultures in mouse diencephalic astrocytes (*,
p<0.04, n=10). There was no effect of melatonin on the rate of Ca+2 wave spread among
telencephalic glial cells (n=10). B. Chick astrocyte cultures. Nanomolar melatonin also
increased the rate of the Ca+2 wave spread among chick diencephalic astrocytes (*, p<0.01,
n=27), as compared to DMSO-treated controls, but had no effect on the rate of Ca+2 wave
spread in the telencephalic cultures (n=13).
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Figure 7.
Melatonin affects the dynamic nature of Ca+2 waves spreading among mammalian
astrocytes. A. Mouse telencephalic astrocytes. Ca+2 waves were propagated radially at
consistent rates, as indicated by the virtual lack of overlap of lines indicating the leading
edge of the wave at 3 time points (colored lines). Application of 10 nM melatonin had no
effect on the spread of the Ca+2 waves in mouse telencephalic cultures. B. Mouse
diencephalic astrocytes. Ca+2 waves were propagated with greater randomness of direction
and rate among diencephalic astroglia. Note the extensive overlap of lines depicting the
leading edge of the wave at all time points. Application of 10 nM melatonin increased the
spread of the Ca+2 waves. Diencephalic Ca+2 wave propagation was more telencephalic-like
following melatonin receptor activation, such that the spread of the Ca+2 waves through
confluent cultures became more radial and concentric. The leading edge of the Ca+2 wave
was outlined at 5 (Red), 15 (Blue), and 30 (Green) seconds. Black dots indicate the site of
mechanical stimulation. Each plot shows the overlay of 10 representative waves from each
astrocyte group. Bar equals 200 μm.
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Figure 8.
Protein expression of melatonin receptor subtypes in astrocytes. A. Western blot analysis of
cell culture extracts demonstrated the expression of both the Mel1a and Mel1c receptor
proteins in chick diencephalic and chick telencephalic astrocytes. B. Protein extracts of
mouse diencephalic and telencephalic glia cells expressed both the Mel1a (MT1) and Mel1b
(MT2) receptor subtypes. Anti-MelR probes detected multiple proteins, especially in chick
extracts. However, a consistent protein band with a molecular weight of 133 kD was present
in all samples. Anti-actin immunostaining was used as a protein loading control. These gels
represent one of three replicate experiments that produced similar results.
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