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Converging
lines of evidence suggest that the hypothalamic
suprachiasmatic
nucleus (SCN) is the site of the endogenous
biological
clock controlling
mammalian
circadian
rhythms.
To study the calcium responses
of the cellular components
that make up the clock, computer-controlled
digital video
and confocal scanning laser microscopy
were used with the
Ca*+ indicator
dye fluo-3 to examine
dispersed
SCN cells
and SCN explants with repeated
sampling
over time. Ca2+
plays an important second messenger
role in a wide variety
of cellular mechanisms
from gene regulation
to electrical
activity and neurotransmitter
release, and may play a role in
clock function and entrainment.
SCN neurons and astrocytes
showed an intracellular
Ca2+
increase in response to glutamate
and 5-HT, two major neurotransmitters
in afferents to the SCN. Astrocytes
showed a
marked heterogeneity
in their response
to the serial perfusion of different transmitters;
some responded
to both 5-HT
and glutamate,
some to neither, and others to only one or
the other. Under constant conditions,
most neurons showed
irregular temporal patterns of Ca2+ transients.
Expression
of
regular neuronal
oscillations
could be blocked by the inhibitory transmitter GABA. Astrocytes,
on the other hand, showed
very regular rhythms of cytoplasmic
Ca2+ concentrations
with
periods ranging from 7 to 20 sec. This periodic
oscillation
could be initiated
by in vitro application
of glutamate,
the
putative neurotransmitter
conveying
visual input to the SCN
critical for clock entrainment.
Long-distance
communication
between glial cells, seen as waves of fluorescence
moving
from cell to cell, probably
through gap junctions,
was induced by glutamate,
5-HT, and ATP. These waves increased
the period length of cellular Ca2+ rises to 45-70 sec. Spontaneously
oscillating
cells were common in culture medium,
serum, or rat cerebrospinal
fluid, but rare in HEPES buffer.
One source for cytoplasmic
Ca2+ increases
was an influx
of extracellular
Ca2+, as seen under depolarizing
conditions
in about 75% of the astroglia studied. All neurotransmitterinduced Ca2+ fluxes were not dependent
on voltage changes,
as Ca*+ oscillations
could be initiated under both normal and
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depolarizing
conditions.
Since neurotransmitters
could induce a Ca*+ rise in the absence
of extracellular
Ca2+, the
mechanisms
of ultradian
oscillations
appear to depend on
cycles of intracellular
Ca*+ fluxes from Ca*+-sequestering
organelles
into the cytoplasm,
followed
by a subsequent
Ca*+ reduction.
In the adult SCN, fewer astrocytes
are found than neurons,
yet astrocytes
frequently
surround
glutamate-immunoreactive axons in synaptic contact with SCN dendrites,
isolating
neurons from each other while maintaining
contact with other
astrocytes
by gap junctions.
Neurons and glia respond to neurotransmitter
application
with a variety of Ca*+ responses;
both may play a role in the
function of the SCN, and their interaction
may explain several
aspects of mammalian
clock physiology
not easily explained
solely on the basis of our current understanding
of axonally
mediated
neurotransmission.

The responseof suprachiasmaticnucleus(SCN) cells to glutamate and other transmitters found in SCN afferent axons includesboth transient Ca2+elevations and ultradian (with a period lessthan 24 hr) oscillations.To study thesecellularresponses,
we used digital video and confocal laser microscopy with the
Ca2+indicator dye fluo-3. This video approach allows the study
of the Ca2+behavior of individual cells as well as the behavior
of aggregatesor interactive groupsof cellsover time. Ca*+plays
a crucial second messengerrole in a wide variety of cellular
events. The importance of Ca2+is suggestedby the apparent
absenceof circadian rhythms of 2-deoxyglucoseuptake and firing rate in the SCN in vitro if calcium was removed from the
buffer (Shibata et al., 1984, 1987). In the present study, responsesof both neurons and astroglia were studied.
Several models of biological clock timekeeping are basedon
the interaction of cellular oscillators (Pittendrigh, 1974). The
SCN, the putative site of the circadian timekeeper in mammals
(Moore and Eichler, 1972; Stephen and Zucker, 1972; Rusak
and Zucker, 1979; van den Pol and Powley, 1979), has tacitly
beenassumedto function by neuronalcommunication mediated
by neurotransmitter release. However, recent experiments
blocking sodium-dependentaction potentials and related neurotransmitter releasewith TTX (Schwartz et al., 1987; Meijer
and Rietveld, 1989; Schwartz, 1991) that failed to block timekeeping have suggestedthat classical Na+-dependent axonal
neurotransmissionmay not be required for timekeeping or for
cellular orchestration within the SCN. The orchestrated metabolic rhythms of SCN cells found prior to synaptogenesis(Reppert and Schwartz, 1984) are also not easily reconciled with a
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clock model based solely on conventional
synaptic axonal neurotransmission.
Of particular
importance
to circadian rhythms is the transmitter released from the optic nerves that entrains the endogenous rhythm to the ambient light cycle. Glutamate is the best
transmitter candidate for mediation
of visual input to the SCN,
as it is released in the SCN by optic nerve stimulation
(Shibata
et al., 1986) and causes a phase shift in circadian rhythms (Meijer et al., 1988). Optic nerve stimulation
induces alterations in
electrical field potentials that can be blocked by excitatory amino
acid antagonists (Cahill and Menaker,
1987). 6-Cyano-7-dinitroquinoxaline-2,3-dione,
a glutamate receptor blocker, blocks
the excitatory postsynaptic response to optic nerve stimulation
(Kim and Dudek, 1989). In the present article, we used immunogold
cytochemistry
to show glial cells surrounding
presynaptic axons showing high levels of glutamate immunoreactivity in the adult SCN, and we used glutamate, several glutamate
agonists, 5-HT, and ATP to study the Ca2+ responses of SCN
cells in vitro.
An abstract based on some of this work has been presented
(van den Pol et al., 1991).

Materials

and Methods

Cell culture. SCN cells from 1-3-d-old neonatal rats were grown for l8 weeks on glass coverslips coated with collagen and polylysine or polylysine alone, or on untreated glass coverslips (van den Pol et al., 1986).
SCN tissue dissected from hypothalamic slices (see below) was incubated
in papain (20 U/ml; Worthington) in a buffer containing 137 mM NaCl,
5 mM KCl, 3 mM CaCl,, 1 mM MgCl,, 10 mM HEPES, and 25 mM
glucose on an oscillating Nutator at 37°C for 45 min. Enzymatic action
was stopped by the addition of 1.5 mg/ml trypsin inhibitor and 1.5 mg/
ml bovine serum albumin, fraction V (Sigma). Cells were disaggregated
with gentle passage through a fire-polished pipette previously coated
with silicon (Prosil2 1, PCR, Gainesville, FL), used to reduce cell sticking
and damage. Disaggregated cells were grown in low (about 2000 neurons)
or high densities (about 10,000 neurons) in the middle of the coverslip.
Coverslips pretreated with polylysine (540 kDa) were subsequently rinsed
in five changes of sterile water. Neurons growing with confluent or
nonconfluent glial cultures were used. An average of two brains were
used for one glass coverslip for high density cultures. GIBCO Dulbecco’s
minimal essential medium (MEM) was supplemented with 10% fetal
bovine serum (GIBCO and Hyclone), 50 U/ml penicillin and streptomycin and serum extender (Collaborative Research). Cultures were
maintained in a Napco 6 100 incubator at 37°C and 5% CO,.
We also cultured explants of SCN made from sections of the anterior
hypothalamus. The hypothalami and preoptic area were removed from
3-4-d-old neonatal rats and cut into 300-400 pm-thick sections held in
4°C Ca2+-free buffer. Under a high-magnification Nikon stereo operating
microscope, illuminated from above with a fiber optic light source or
from below by substage light, we used sharpened round tubes with an
inner diameter of 200 or 325 pm to punch out the SCN. The area of
the SCN can be identified by its position at the ventral surface of the
hypothalamus, on either side of the third ventricle, and directly above
the optic chiasm. Sections that did not show sufficient anatomical features to allow identification of the correct regions were discarded. Histological verification of these punches was done by staining the remaining tissue slice before or after fixation with 10% formalin with 0.1%
propidium iodide for 20 min. Slices with the SCN punched out were
examined with a Bio-Rad confocal laser scanning microscope with an
argon ion laser and a Texas red filter set. On control slices, the SCN
was visible as a tightly clustered group of cells stained with propidium
iodide situated above the optic chiasm and at the bottom of the third
ventricle. Some punches either were cultured without cell disaggregation
in the Napco 6 100 incubator, or alternatively were put on glass coverslips, and adhered with a thin layer of chicken plasma and thrombin,
as described by Gahwiler (198 1) and Wray et al. (1988). SCN tissue
used for dispersed cell cultures included a small number of cells outside
the border of the SCN in the region where SCN dendrites extend (van
den Pol, 1980). Coverslips with an adhered SCN explant were placed
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in a test tube in a Bellco cell production roller drum rotating at 10
revolutions/hr kept in a Lab-Line Imperial III incubator at 37°C.
Digital microscopy. For optical recording, cells were loaded with fluo-3
acetoxymethyl (AM) ester for 45 min in a HEPES buffer [ 10 mM HEPES,
25 mM elucose. 137 mM NaCl. 5.3 mM KCl. 3 mM CaCl,. 1 mM MaCl,.
1 PM teirodotdxin (TTX), pfi 7.41, and thkn placed in-g chamber ai:
lowing sequential perfusion of different transmitters and agonists on the
stage of a Zeiss IM35 inverted microscope (Cornell-Bell et al., 1990;
van den Pol et al., 1990). TTX was used to block voltage-dependent
sodium channels and axon action potentials. Since the clock operates
in the presence of TTX (Schwartz et al., 1987), many of our experiments
parallel conditions under which the clock might operate in the absence
of axonal transmission mediated by voltage-dependent sodium channels. A high potassium buffer was similar, except that KC1 was increased
to 56 mM, and NaCl was reduced to 86 mM. A zero-calcium buffer
contained no CaCl,, but did contain 1 mM EGTA. For some experiments
studying aspartate and N-methyl-D-aspartate (NMDA), MgCl, was deleted from the buffer, and 4 PM glycine was added.
The intensity of fluorescence of fluo-3 increases in the presence of
Ca2+, and the dye has excellent spatial and temporal resolution. The
high sensitivity was crucial for long recordings where we needed to avoid
phototoxicity, and allowed us to work with very low light levels. Furthermore. fluo-3 could be detected both with fluorescent microscopy
and with ‘argon laser confocal microscopy. Ratio imaging dyes such as
fura- that require more intense light of a shorter wavelength were
unsuitable for manv of our exneriments due to the higher level of phototoxicity over the-long recor&ng periods with images averaged every
second. Among all the available Ca2+ indicators, fluo-3 provides the
largest optical signal per molecule and thus allows for the detection of
transients in the smallest possible cytoplasmic volume. With the increased sensitivity of fluo-3, subtle changes in Ca*+ were more easily
detected than with fura-2.
Video images were collected with a Hamamatsu 2400 SIT camera
interfaced with an Imaging Technology 15 1 video processor and IBM
AT computer, and one video frame was stored on a Panasonic 2023
laser disk recorder every sec. To reduce the possibility of phototoxicity,
a computer-controlled
shutter completely blocked light for 650 msec of
each second, and neutral density filters were used to block 99% of the
light emitted by the mercury light source when the shutter was open.
Fluorescent filtration used was the same as used for fluorescein visualization. Data are expressed as a change in fluorescence over baseline
fluorescence @J/F,). The fluorescent level of each cell under normal
conditions served as its own baseline (F,,), and was corrected for spatial
heterogeneity of the video field, as well as for the video gain and offset,
and differences in cell esterase activity, by including with each experiment a video record of each cell with different neutral density filters
(l%, 2%, 3% transmittance). This allowed a comparison of different
cells under the same experimental conditions when the data were examined as a change in Ca2+-induced fluo-3 fluorescence over the baseline
corrected fluorescence @F/F,,) (Cornell-Bell et al., 1990; van den Pol
et al., 1990; Cornell-Bell and Finkbeiner, 199 1; Finkbeiner, 199 1). As
previously described with this type of perfusion apparatus, the time
from turning on the switch initiating agonist flow to the point that it
reached the cells was about 6 sec.
Due to the thickness of the SCN explants, the fluorescent microscope
described above could not resolve cellular detail. Instead, we used the
confocal scanning laser microscope described previously with a fluorescein filter set. This allowed making digital recordings of an optical
section taken within a fluo-3-labeled SCN explant. The intensity of the
scanning laser beam was attenuated with a 1% transmittance neutral
density filter. The shutter blocking the laser was set to open immediately
after the scan was initiated. As described above, different neutral density
filters (lo/o, 3% transmittance) were used to determine corrected fluorescence values.
For the ratio imaging experiment, cells were loaded in 5 PM furaAM ester in HEPES buffer for 30 min in the incubator, and studied
with a Nikon 40 x (numerical aperture, 1.3) UV-passing quartz objective
with either 340 or 380 nm excitation from a xenon light source. Intensities were collected through a 480-520 band pass filter. Calibration was
based on 100 PM ionomycin in the presence of 10 mM CaZ+for maximum
bound dye, and chelation with EGTA for minimum. A lo-pm-diameter
aperture circle over the respective cell bodies was used for data collection.
To test whether astroglia were dye coupled, which is an indication
that gap junctions exist between cells, patch-type glass pipettes with a
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Figure 2. Neuron Ca*+ responses illustrated here are expressed as the
change in fluorescence over baseline fluorescence (AF’II;) as described
in Materials and Methods. A, A single SCN neuron showed a strong
increase in Ca2+ in response to 30 *M glutamate, quisqualate, and kainate, but not to NMDA. B, An SCN neuron responds to aspartate, NMDA,
and glutamate (all at 30 PM) in the absence of magnesium and presence
of 4 PM glycine.

Figure I. Immunocytochemistry of neurons and astroglia. A, On this
and the other images in this figure, confocal microscopy was used to
obtain images. This micrograph shows SCN glial cells stained with glial
fibrillary acidic protein antiserum. B, Neurons are stained with neurofilament antiserum. C, Neurons labeled with tetanus toxin. Glial cells
on which the neurons in B and C are growing are not labeled with the
neuronal markers. Scale bars, 50 pm.

tip internal diameter of about 1 pm were filled with 6-carboxyfluorescein, a small fluorescent molecule that diffuses through gap junctions.
During observation on the video screen with a combination of videointensified differential interference contrast optics and fluorescent illumination, single cells were filled with the dye by intracellular injection
after a membrane seal was obtained, and 10 min later the pipette was
removed.
Immunocytochemistry. Rabbit antiserum against glutamate was made
with glutamate conjugated by glutaraldehyde to keyhole limpet hemocyanin. The antibody recognized only glutamate and not other amino
acids, as determined with immunodot blot, Western blot, ELISA assays,
and amino acid bound to Sepharose beads (van den Pol, 1991). After
deeply anesthetizing adult male rats (250-300 gm) with Nembutal, they
were oerfused transcardiallv with 3% alutaraldehvde, and the SCN was
remo;ed, treated with 10/o-osmium tetroxide aid 1’% aqueous uranyl
acetate, and embedded in Epon or Araldite. Ultrathin sections were
immunostained with 10 nm colloidal gold (Janssen) as described in
detail elsewhere (van den Pol, 1989, 199 1; van den Pol and Decavel,
1990), and the presence of immunoreactive boutons and their anatom;
ical relationship to nearby astrocytes was studied.
At the ultrastmctural level, neurons could be differentiated from other
cells by the morphological presence of synapses, dendrites, and axons,
while astrocytes could be recognized by their clumps of glial filaments,
absence of synapses, and by the irregular contours of astrocytic processes. To estimate the relative number of glia and neurons with stereology, electron micrographs at 60,000 x magnification were overlaid
with a regular pattern of points, the number of superimpositions over
different cells was counted, and cell size and the relative number of cells
were determined (Palkovits, 1976).
To differentiate glia from neurons in vitro, morphological and cytochemical criteria, including immunostaining with antisera against the
plasmalemma molecules neural cell adhesion molecule (NCAM, gift of
U. Rutishauser or G. Rougon), Ll (gift of V. Lemmon), tetanus toxin-c
fragment (Boehringer-Mannheim),
and neurofilaments (68 kDa) (Stemberger), neuropeptides’such as neurophysin, vasopressin (gift of M. Sofroniew), and vasoactive intestinal polypeptide (Incstar), and glial fibrillary acidic protein (gift of L. Eng), were used. Secondary antibodies
were labeled with colloidal gold or fluorescein. Cells were imaged on
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Figure 4. Cytoplasmic Ca2+ measured with fura- in five neurons or
glia at each glutamate concentration. Error bars are SD.
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Figure 3. A, Astrocyte showed an increased intracellular Ca2+ in response to repeated perfusions of glutamate or kainate. B, Four astroglia
from the same plate recorded simultaneously. Two cells showed a Ca2+
influx in response to glutamate, but not to S-HT, the third cell showed
a response only to 5-HT, and a fourth responded to neither of the
transmitters.
either a Zeiss fluorescent microscope or a Bio-Rad confocal scanning
laser microscope coupled to an Olympus upright or Zeiss inverted microscope.

Results
had long processesand a semisphericalcell body, were
immunoreactive for NCAM, Ll , and neurofilamentprotein (Fig.
lB), and were labeled with tetanus toxin (Fig. 1C). Some neurons were alsoimmunoreactive for vasopressinor neurophysin,
substancesfound in the SCN in Go. Cells were not useduntil
at least 5 d after culturing, a time when electron microscopy
revealed that synapseswere establishedbetween neurons. AsNeurons

GLIA

trocytes had a flat, sheet-likemorphology with diametersseveral
times greater than that of neurons and exhibited positive immunostaining for glial fibrillary acidic protein antisera (Fig. 1A)
and negative staining with Ll antiserum or neurotransmitterrelated antisera including neurophysin, vasopressin,or vasoactive intestinal polypeptide.
Transmitter
response. With optical video analysis, the majority of SCN neurons(183 of 194 cells, 94%) respondedto 100
PM glutamate. Ca2+rises were also seen in many neurons at
glutamate concentrations of l-5 PM (seeFig. 13G,H). Cells respondedvigorously to the glutamate agonistskainate and quisqualate (Fig. 2A), but only a minor responseto NMDA was
seenwith the HEPESbuffer normally used.When HEPESbuffer
lacking Mg+ and including glycine was used,SCN neuronswere
found that responded strongly to 30 I.LM NMDA and 30 PM
aspartate(Fig. 2B). The estimateof the number of SCN neurons
that respondedto glutamate is a conservative one; neuronsthat
showeda high initial level of fluo-3 fluorescencemay have respondedto glutamate with a Ca2+increasenot detectable with
the optical constraints of the video systemset to analyze faintly
fluorescent cells in the samemicroscopefield.
Astrocytes alsorespondedto repeatedadministrations of 100
PM glutamate (226 of 266 astroglia, 85%), kainate (Fig. 3A), and
quisqualatewith rapid increasesin intracellular CaZ+.Increases
in CaZ+-relatedfluorescencewere seenin the cytoplasm of the
processesand cell body, and sometimesincluded the cell nucleus. We did not seeany strong responsein astrocytes to application of either aspartateor NMDA in either the presenceor
absenceof Mg+ or glycine.
Becausethe percentageof SCN astrocytes that respondedto
glutamate waslower than the percentageof hippocampal astrocytes that respondedto glutamate (100% of 323 hippocampal
astrocytes), we tested whether the cellsthat did not respond to
glutamate perhapswere unable to respondto any Ca2+-inducing
agents.Since 5-HT is a prevalent transmitter in afferents to the
SCN from the raphe (Agajanian et al., 1969; van den Pol and
Tsujimoto, 1985), we compared the glial responseto glutamate
and 5-HT. The responseof SCN glia to serial application of
different neurotransmitters was heterogeneous.In one experiment, someglia (2 of 13) showedan intracellular Ca*+increase
with glutamate, while others (2 of 13) in the samevideo field
on the same coverslip respondedonly to 5-HT. In this group
of cells, most cells(9 of 13) did not respondto either transmitter
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Figure 5. Neuron oscillations. A, An SCN neuron showed a spontaneous regular Ca*+ oscillation that could be consistently blocked with 30 NM

GABA. Glutamateraisedthe meanCaz+level in this cell, but oscillations
continued.This cell wasgrownin a low neuronalculturedensity,and
the experiments were done in the absence of TTX. B, A neuron showed spontaneous fluctuations in intracellular calcium in the presence of TTX.
The lowest truce shows Caz+ peaks in B as single events. The regularity of the neuron is much less than that seen in the glial cells. The variance in

periodicity (expressed
asthe SD asa percentage
of the mean)was4.8x greaterin the neuron(62%)than in the glial cell (13%)basedon cellsin
Figure6B. This neuronandthe astrocytesin Figure6 arerepresentative
of SCNastrocytesand neuronsin generalin the presence
of TTX.

(Fig. 3B). In another group of cells cultured under the same
conditions, most glia (50 of 51) respondedto both 5-HT and
glutamate as shown by the examplesin Figure 6. To examine
further the heterogeneousresponseof astrocytes, particularly
thosethat did not respondto glutamate, we alsousedATP. ATP
is releasedfrom many axon terminals (Burnstock, 1986) and
hasbeensuggestedas a potent agent for increasingintracellular
Cal+ in astrocytes (McCarthy and Salm, 1991). In some coverslips, regions could be found where 90% of the astrocytes
respondedto extracellular ATP (seeFig. 7A-C), but a response
to glutamate could not be detected. Theseresultssuggestthat a
clonal expansion of astrocyteswith similar receptive properties
may occur. Relatively little Ca*+responseto ATP wasfound in
neurons.Ca*+risesin the cytoplasm were seenin all responding

cells; in some cells a rapid increasein nuclear Ca*+ was also
detected in phasewith the cytoplasmic increase.
To determinehow the Ca*+levels in SON cellscomparedwith
those found in other regionsof the nervous system,we usedthe
ratio imaging calcium indicator dye fura- and averaged the
responsesto glutamate for five cells at each glutamate concentration (Fig. 4). Fura- wasnot usedfor the long repeatedvideo
recording in most of our experiments, due to the greatercellular
phototoxicity of parameters required for imaging fura-2. The
baselineand stimulated values from SCN neuronsand glia were
in the samerangeas reported for cellsfrom other brain regions
(Glaum et al., 1990; Cline and Tsien, 1991).
Calcium oscillations. Neurons with regular oscillations were
found in the absenceof TTX, and could be perturbed by amino
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acid transmitters. An example of one neuron that showed a
regular Ca*+ oscillation is shown in Figure 5A. The regular oscillation was blocked by introduction of the inhibitory transmitter GABA (Fig. St). When GABA was removed, the oscillations returned. Perfusion of glutamate raised the mean Ca*+
level, and the oscillations continued; in the subsequent absence
of glutamate, the mean intracellular Ca*+ level decreased while
the oscillations continued. In both neurotransmitter-stimulated
and -unstimulated conditions, we found very few neurons with
regular Ca*+ oscillations in the presence of TTX, although ir-

1

ed to glutamateandthento 5-HT with
a periodic oscillationof intracellular
Caz+.Note theshortperiodsof thelower cell comparedto the long periodof
the upper cellin the presence
of 5-HT.
The long periodin the upper cell was
dueto an intercellularCaz+waveoriginatingfrom otherglial cells,whilethe
periodof the lower cell wasdue to oscillationsoriginatingin that cell.These
experimentsweredonein the presence
of 1 PMTTX. B, Part of the recording
in the lowerastrocytein Figure6A that
is boxed is expandedto facilitate examinationof the regularityof the periodicresponse.
Thelowest trace shows
Ca*+peaksin B assingleevents.

regular fluctuations of intracellular Caz+were not uncommon
(Fig. 5B).
Glial cells showedstable periodic oscillationsof intracellular
Ca*+in responseto applications of neurotransmitters(Fig. 6A,B)
in the presenceor absenceof TTX. The period of the oscillations
varied from 7 to 20 sec. The regular oscillations of astrocytes
were very common, and could easily be induced by neurotransmitter application. Glial cells showedboth a Ca*+rise and Ca*+
oscillations in responseto perfusion of glutamate, SHT, and
extracellular ATP (Pig. 7&C).
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Figure 7. A, The response of four astrocytes to extracellular perfusion
of ATP is shown.The top cell responded
only to 100PMATP, while
the second
and fourth cells responded to 10PMATP with a smallincrease

in intracellularCa2+anda largerincrease
with 100PM ATP. The third
cell shows no response to ATP. B, Two astrocytesresponded
to 5 PM
ATP with an immediateincreasein intracellularCa2+.They represent
the majority of cells, of which 84 of 9 1 cells in three experiments showed
a Ca2+ rise in response to 5 or 10PM ATP. The bottomcellshows Ca2+
oscillations. Both cells maintained a higher intracellular Ca2+ level until
ATP waswashedout. C, The boxedareain B is expandedto showthe

Ca2+oscillationsmoreclearly.

A set of three experiments was designedto classify the CaZ+
oscillations found in SCN astrocytes.In the first one, cells were
aepoiarizedto test whether SCN glial cellsexhibited any voltagedependentCa*+fluxes. Figure 8A showsan astrocyte responding
to depolarizing concentrations of extracellular K+. Most astrocytes (70-80%) showeda cytoplasmic CaZ+rise that depended
on extracellular Ca2+.However, depolarization-induced CaZ+
oscillations were not observed. Since a significant minority of
astrocytes did not respond to depolarization with a Ca2+rise,
cells were exposed to 5-HT while depolarized to determine if
oscillationscould still occur. Figure 8B showsan example of an
astrocyte in which 5-HT-induced oscillations were relatively
unaffected by depolarization. A third experiment of this series
was designedto examine the CaZ+origin for the transmitterinduced oscillations.Cells were perfusedwith 5-HT in the presenceof CaZ+-free/EGTA-containing buffer; Figure 8Cshowsthat
the Ca*+ involved in S-HT-induced oscillations is primarily
from intracellular sourcessincethe responseto the transmitter
comesin the absenceof extracellular Ca2+.A minor contribution
from extracellular Ca*+ is suggestedby subtle changesin the
pattern of oscillation. The period of the oscillation was slightly
longer in the absenceof extracellular Ca2+.CaZ+oscillations in
Ca*+-free conditions tend to be superimposedon a different
intracellular Ca2+baseline.In the absenceof extracellular Ca2+,
the regular oscillations would continue for more than 10 cycles,
but would eventually reduce in amplitude, possibly due to the
depletion of intracellular Ca2+stores.
Whereas astrocytes as a group showed heterogeneousresponsesto different neurotransmitters,eachindividual astrocyte
showed a stereotyped responseto a single transmitter. This is
seenboth in the rate of rise and fall of Ca*+after singleapplications of transmitter as seenin the glutamate responsesof cells
1 and 3 in Figure 3B, and in the different patterns of oscillations
found with longer transmitter stimulations.
Intercellular glial interaction. Tracing Ca2+waves between
adjacent glia (Fig. 9B) indicated that the intercellular pathway
is not random, but rather moves very specifically betweencertain adjacent glia, but not between others, probably due to the
presenceof a sufficient number of active gapjunctions between
communicating glial cells. The wave, seenas a slow-moving
front of increased fluorescence, traveled at about 15 pm/set
acrossindividual cells, and from cell to cell. Ultrastructural
analysisrevealed large gap junctions between glia in vitro and
in vivo. While neurons may not be able to communicate with
one another via voltage-sensitive sodium channelsand propagated axonal action potentials in the presenceof TTX, Ca2+
wavesinduced in glial cellsby glutamate, 5-HT, or ATP traveled
intercellularly probably via gapjunctions to other glial cellseven
in the presenceof TTX (Fig. 9A). Intercellular waves of CaZ+
movement resultedin slow periodic Ca2+risesin the individual
cells involved in the wave, with peak-to-peak periods ranging
from 45 to 70 set, much longer than the periods of cells not
showingobvious synchrony with other astrocytes.We found no
slow-moving waves of Ca2+traveling between neurons.
Dye coupling. As the Ca*+wave may propagate from cell to
cell by transfer of small moleculesthrough gap junctions, we
examined the dye coupling of astrocytes. SingleSCN astrocytes
that were intracellularly filled with carboxyfluorescein showed
movement of the dye to severaladjacent neighboringastrocytes
in contact with the labeled cell, seen in Figure 13B. Not all
astrocytes were dye coupled with adjacent cells, as shown in
Figure 13C.
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Figure 9. A, Waves of Ca2+ spread from one glial cell to the next
adjacent one, with several seconds elapsing while the wave passed through
a single cell. The intercellular wave can alter the period of the independently oscillating glial cell, increasing the length of the period. The
regular rise and fall of Caz+ is different in two cells from the same
coverslip, showing the complex interaction between the individual oscillation and the wave dependent periodic rise and fall in cell Ca*+.
These experiments were done in the presence of 1 PM TTX. B, An
increase in intracellular Ca2+ started in the shaded cell (time 2), and
traveled from that cell to some, but not all, of the cells in this group.
Cell boundaries of single astrocytes are indicated by thick lines. Direct
contact is necessary for the signal to be carried from one cell to the next.
Approximate movement of the Ca*+ wave (shown by the thin line) at
2 set intervals as it traveled from cell to cell is indicated by the numbers
(set).

a

b
50 s

Figure 8. A, An increase in extracellular K+ caused a rise in Ca2+
through voltage-gated Ca2+ channels in the plasmalemma. No increase
was seen if extracellular Ca*+ was removed, with later perfusion of Ca*+
containing buffer, cells again responded to a K+ rise. B, Whereas an
increase in extracellular K+ did not induce a Ca2+ rise, 5-HT induced a
Caz+ rise and Caz+ oscillations, in both the presence and absence of
extracellular K+. C, Two astrocytes showed an increase in Ca2+ and
oscillations in Ca2+-free buffer. The oscillations were not detected in the
upper celZ in the presence of the extracellular Ca*+.

Serum, medium, and rat cerebrospinalfluid. Most of the experiments were done with HEPES buffer, as commonly used
with Ca2+imaging. To recreate more closely the conditions under which thesecellsare growing, their responsesto conditioned
medium, nonconditioned medium, and serumwere tested. The
majority of cells (- 95%) both neurons and glial cells, showed
a Caz+rise when the medium they were growing in was reintroduced after a wash with HEPES buffer. To determine if this
responsewas due to factors releasedby the cells or was due to
the nonconditioned medium, three different media without serum were perfused through the chamber. All three, including
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GIBCO FlO, Eagle’s MEM, and Dulbecco’s MEM, caused an
increase in Ca2+ levels in 95% of the cells tested (n > 100).
Similarly, fetal bovine serum (10%) when added to the HEPES
buffer induced Ca2+ rises in 96% of the cells (n = 109) examined
(Fig. 10). Similar results were obtained with 10% horse serum.
Chamber perfusion with both serum and medium also caused
Ca*+ oscillations in glial cells.
In an attempt to recreate conditions that more closely simulate
those that SCN cells might encounter in the rat brain, we used
punches that contained blocks of SCN tissue that were not disaggregated with proteolytic enzymes, but instead were cultured
whole. Figure 11 shows a slice used for histological verification
where a part of SCN was punched out and cultured. Explants
were used 4-8 d after culturing. When the fluo-3-loaded cells
within the explants were examined with confocal laser microscopy, many of the astrocytes (43 of 55) showed CaZ+ oscillations
induced by rat cerebrospinal fluid (CSF) (Fig. 12). Some glial
cells showed regular oscillations that continued for the,duration
of the recording period with cells in the rat CSF (Fig. 13A). The
top astrocyte in Figure 12 shows CaZ+ oscillations with an initial
period of about 18 set after introduction of CSF, as the mean
Ca2+ level of the cell decreases, a second extended series of
oscillations with a period of about 45 set is seen for the duration
of the recording period. Others showed an initial series of oscillations, followed by a return to baseline levels (Fig. 12). The
thin optical sectioning capability of the confocal microscope
allowed detection of nuclear responses to CSF (Fig. 13 SF).
Some astrocytes that showed regular oscillations in the cytoplasm also showed similar oscillations in the nucleus in phase
with cytoplasmic Ca2+ levels. Prior to the addition of rat CSF,
we detected no oscillations in any of the cells examined (n =
55). Cells showing extended regular oscillations while incubated
in rat CSF lost them when the CSF was replaced with HEPES
buffer. Introduction of glutamate induced an additional Ca*+
rise and Ca2+ oscillations.
Astrocytes surround presynaptic glutamate-immunoreactive
boutons- ultrastructural immunocytochemistry.
Although glu-

Figure 10. The addition of fetal bovine serum to the HEPES buffer induced a sharp rise in Ca2+ that drops
down to the baseline, while Ca2+ oscillations continue in both of these astrocytes.

tamate has been suggestedas a primary transmitter in afferent
projections to the SCN, supporting immunocytochemical evidence hasbeen lacking. Since we found a glial responseto glutamate in vitro, we investigated the morphological relationships
betweenpresynapticboutons immunoreactive for glutamateand
nearby astroglia in the intact adult SCN. Some axon terminals
in synaptic contact with SCN perikarya and dendrites showed
strong immunogold labeling with glutamate antisera. The ratio
of gold particles over presynaptic axon to postsynaptic dendrite
was 5: 1, similar to ratios found over glutamatergic presynaptic
axons in other parts of the brain (Somogyi et al., 1986;Ottersen,
1989; van den Pol, 1991). Astrocyte sheathssurrounded many
synaptic complexes, including those in which the presynaptic
axon exhibits a high immunoreactivity for glutamate (Fig. 14);
theseastrocyte processessegregate
many neuronalelementsfrom
each other.
Glia in the adult SCN occur in numbers somewhatlessthan
the number of neurons, as determined with stereological(Palkovits, 1976)counting ofglial cellsin electron micrographsfrom
the SCN of adult male rats. Basedon percentageof stereological
point overlays on glia and neurons and on relative cell size in
60 random fields, the relative number of astroglia per unit volume was estimated to be about 65% of that of neurons with
somevariation in different regions of the SCN.
Discussion
Ca*+is an important intermediary in a wide variety of cellular
mechanisms.With noninvasive digital imaging of Ca2+in living
SCN cells, we have shown a strong neuronal and glial CaZ+
responseto neurotransmitters. These were seen either as an
increasein Ca2+levels, or asa changein the patterns of ultradian
oscillations. Ca2+changesin the cytoplasm could serve to influence many of the intracellular systemsusing Ca2+as a second
messenger.Ca*+risesdetected in the cell nucleusmay serve to
modulate genomic expressionthere. The induction of c-fos and
c-&n by neurotransmitters or cholera toxin may act through
Ca*+secondmessengers
(Gabellini et al., 1991; Trejo and Brown,
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Laserconfocalimageof a
propidium iodide-stained hypothalamic sliceof a 3 d neonatalrat. Part
of the SCNon both sideswaspunched
out for culturing(arrows). oc,opticchiasm;3v, third ventricle.

Figure Il.

1991). An increasein SCN cell nuclear c-fos and other earlyimmediate geneproducts can be induced by photic stimulation
at certain times of an animal’scircadian cycle (Rea, 1989; Komhauseret al., 1990; Rusak et al., 1990) perhapsthrough intracellular Ca*+signaling.
Neuron responseto glutamate. Immunocytochemical localization of high levels of glutamate in presynaptic endingsin the
SCN addsfurther support to previous suggestions
that glutamate
may be an important transmitter here (Shibata et al., 1986;
Cahill and Menaker, 1987; Kim and Dudek, 1989). The widespreadCa*+responseof SCN neuronsto glutamate suggests
that
the relative ineffectivenessof excitotoxic amino acidsin killing
SCN cells (Peterson and Moore, 1980) is not due either to the
lack of glutamate receptors, or to a lack of an increasein intracellular Ca2+,which hasbeensuggestedasonecauseof cell death
after exposure to high levels of excitatory amino acid agonists
(Choi, 1988). Whether the reduced toxicity of glutamate in the
SCN is due to a smallernumber or different types of glutamate
receptors, to differencesin secondmessengersystemsrelated to
Ca*+,or to differencesin the astrocyte responseand uptake of
glutamate remains to be determined.
Mechanism of SCN cellular Caz+oscillation. Ca2+oscillations
are found outside the SCN in other cell types, and have been
broadly categorized aseither membraneoscillators or cytosolic
oscillators according to the site where most of the Ca2+fluxes
occur (Berridge and Galione, 1988; Berridge and Irvine, 1989).
Membrane oscillators depend on agonist-induced transmembrane voltage changesto trigger a reciprocal activation of voltage-gatedCa*+and Ca*+-sensitivepotassiumchannels,resulting
in a periodic Ca*+influx. One example of a membraneoscillator
is glucose-stimulated Ca2+ oscillations in pancreatic &cells
(Shermanet al., 1988; Grapengiesseret al., 1989; Chay, 1990).
Cytosolic oscillators involve the periodic releaseof Ca*+from
an intracellular store; the mechanism may include receptorstimulated inositol turnover, subsequentCa*+releasefrom the
endoplasmicreticulum, and specificinteractions betweenintracellular elements such as protein kinase C, phospholipaseC,

and Ca2+reservoirs other than the endoplasmic reticulum. A
capacitive model of cytosolic oscillators (Putney, 1986) postulates the existence of an intracellular store capable of accumulating cytosolic Ca*+to a threshold level. Above threshold, additional cytosolic Ca*+increasesserveto stimulatea rapid release
of intracellularly stored Ca*+. Aspects of this idea have been
incorporated into more complicated models that may explain
a wider variety of features of cytosolic oscillators (Goldbeter et
al., 1990). Since neurotransmitter stimulation elicits a Ca*+rise
in SCN glia even in the absenceof extracellular Ca*+, our data
suggestthat the neurotransmitter-induced Ca*+increase,at least
under our in vitro conditions, is primarily from intracellular
stores,invoking a cytoplasmic oscillatory mechanism(ComellBell et al., 1990;Jensenand Chiu, 1990)rather than a membrane
oscillatory system.
Most experiments were done with HEPES buffer of minimal
composition; addition of culture media, serum,or CSFto mimic
more natural conditions increasedthe general level of activity
of all cells, suggestingthat a much greater level of complexity
and oscillatory behavior may be occurring in the brain. Extended Ca*+ oscillations were found in astrocytes from SCN
explants incubated in rat CSF, but not when CSF wasreplaced
with buffer.
Regular Ca*+oscillations in SCN neuronswere detected less
often than in astrocytes, and predominantly in the absenceof
TTX. Astrocyte oscillations in the presenceof TTX were very
regular. In contrast, neuronal oscillationstended to be sporadic
and irregular in the presenceof TTX in our in vitro conditions.
This suggeststhat intercellular axosynaptic communication between neurons,or voltage-dependentsodiumchannels,may play
a role in maintaining regular oscillationsin neurons.Sincethere
is a positive correlation with transmitter releaseand intracellular
Ca*+,neuronsthat demonstratedregularcycles of Ca*+may also
releasetheir neurotransmitters in corresponding ultradian cycles. Oscillations in neuronswere under neurotransmitter modulation. GABA, an inhibitory transmitter found in half (48%)
of all SCN presynaptic axons (Decavel and van den Pol, 1990),
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Figure 12. Response of three astrocytes from an SCN explant in vitro studied with laser confocal microscopy. During the first hundred seconds,
astrocytes showed no oscillatory behavior in HEPES buffer. When rat CSF was added, all three cells showed an increase in Ca*+ and high-amplitude
Ca2+ oscillations. The top ceZ1continued to show Ca2+ oscillations throughout the time of examination. The other two cells returned to baseline
Ca2+ levels. After 608 set, recordings were stopped to reduce the possibility of phototoxicity of the laser beam; 500 set later, recordings were again
initiated, showing that the cell on top was still oscillating. When the rat CSF was replaced with HEPES buffer, oscillations ceased. All three cells
responded with an increase in Ca*+ upon stimulation with 100 PM glutamate.

Figure 13. A, A time series of 24 pseudocolored video micrographs showing a single fluo-3-labeled astrocyte (thick vertical arrow) with a regular
Caz+ oscillation. Green indicates higher levels of fluorescence, and pink indicates lower levels. Images were recorded 5.4 set apart. The first image
is labeled I and the last 24. The image sequence starts in the upper left and reads like a book, as shown by the horizontal arrow. The ultradian
rhythm of this cell is very regular, seen by the strong Ca2+ signal in the 5th, 13th, and 2 1st frames; Ca2+ peaks were 43 set apart. This sequence is
130 set long and shows only a part of a sequence 10 times longer in which the cell maintained this steady rhythm. The width of the astrocyte was
55 pm. B, Astrocyte during filling with carboxyfluorescein is on the left (arrow). The same cell 10 min later after the filling patch pipette was
removed is seen on the right. Four adjacent cells are also labeled, suggesting dye movement through gap junctions between coupled cells. Width
of the filled astrocyte was 42 pm. C, Another cell in the same culture dish was filled with dye, on the left, and seen 10 min later on the right.
Although many other glial cells surrounded this cell, no dye coupling was found in this case. Width of the filled astrocyte was 40 PM. D-F. Confocal
laser microscope was set for a thin optical section. In this series of micrographs, the nuclei (arrows) of two astrocytes show a strong response to
the introduction of rat CSF to the recording chamber, similar to the response sometimes seen with introduction of neurotransmitter. Fluorescence
increased in both the cytoplasm and nucleus. Dark red indicates a low level, bright red a medium level, and yellow a high level of fluorescence. D
shows the two cells 5 set before stimulation, representative of the previous 100 sec. E shows the cells 3 set after initiation of stimulation, and F
shows the same field 10 set later. Width of micrograph is 80 pm. G, A field of fluo-3-loaded SCN neurons prior to transmitter stimulation. H,
The same field as shown in G, but at the time of stimulation with 5 PM glutamate. All 15 neurons showed an increase in Ca2+ as shown by the
increase in their pink coloration in this pseudocolored image. Arrows show the same two neurons in G and H. Width of micrograph is 150 pm.
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Figure 14. Glutamate-immunoreactive
axon terminal (Ax) labeled with
colloidal gold particles (smaN arrows)makes synapse (open arrow)with
dendrite (DEN). The synaptic complex is isolated from SCN neuropil
by astrocyte processes (largearrows).The number of gold particles over
the immunoreactive axon is eight times greater than over other cellular
processes in this micrograph. Myelinated axons in the optic chiasm,
probably of retinal origin, also showed glutamate immunoreactivity.

could eliminate periodic oscillations that would return in the
absenceof GABA, whereasglutamate setthe mean intracellular
Ca2+of the oscillating neuron at a higher level. These amino
acid transmitters, glutamateand GABA, found in largenumbers
of presynaptic terminals surrounded by astrocytesin the SCN,
influence both the baselinelevel of intracellular Ca*+aswell as
the ultradian CaZ+oscillations.
That circadian rhythms may be related to ultradian oscillations is suggestedby the observation that per mutations that
eliminate or alter circadian rhythms in Drosophila (Konopka
and Benzer, 1971) also disturb an ultradian rhythm of the flies
(Kyriacou and Hall, 1980). Interestingly, the per gene is expressedboth in neurons and in glial cells in the fly brain (Zerr
et al., 1990).Recentexperimentswith fly geneticmosaicssuggest
that expression of per in glia without detectable expressionin
neurons may be sufficient for weak manifestation of circadian
behavioral rhythms in Drosophila, although normal circadian
rhythms are probably associatedwith per expression in both
glia and neurons. Drosophila glia expressingper are postulated
to play a role in coupling the activity of pacemakerneurons (J.
Hall, personalcommunication; Ewer et al., 1992).

Astrocyte modulation of neural activity. If astrocytes are involved in SCN function, they must be in communication with
neurons sincethe output of the clock clearly involves neuronal
efferent projections (Schwartz et al., 1987; Meijer and Rietveld,
1989; Schwartz, 1991). With ultrastructural immunocytochemistry, we showedhere that in the mature SCN, astrocytes are in
closecontact with axon terminals and surround glutamate-immunoreactive axons in synaptic contact with dendrites.We have
no direct evidence that SCN astrocytes modulated neuronal
activity. Three hypothetical modelsinvolving changesin intracellular Ca2+and secondarychangesin extracellular potassium,
arachidonic acid or a metabolite, or calcium are suggestedhere.
These models are not mutually exclusive and could underlie
glial modulation of neural activity. In the potassiummodel (Fig.
15A), an increasein intracellular Caz+acts in concert with astrocyte depolarization induced by glutamate or other transmitters (Bowman and Kimelberg, 1984; Kettenmann and Schachner, 1985; Usowicz et al., 1989)to open enough Caz+-activated
potassium channels (Quandt and MacVicar, 1986; Nowak et
al., 1987;Barr-eset al., 1988)to significantly alter the potassium
concentration of the extracellular spacebetween astrocytesand
neurons. The secondmodel (Fig. 15B) is basedon,intracellular
Ca2+risesin glia that would directly activate phospholipaseA,,
thereby liberating arachidonic acid from astrocytes (Axelrod et
al., 1988; Bruner and Murphy, 1990). Similarly, arachidonic
acid is releasedfrom neurons after stimulation of the NMDA
receptor by glutamate (Dumuis et al., 1988). Peptide transmitters may alsoincreaseCaz+-dependentarachidonic acid release
from astrocytes, leading to an increasedextracellular glutamate
level (Marin et al., 1991). Arachidonic acid or a metabolite
inhibits the astrocyte glutamate/sodium uptake (Barbour et al.,
1989). As glial uptake of neurotransmitter amino acids is a
major route of transmitter inactivation, reduced uptake would
leadto a net rise in extracellularglutamate concentrations,thereby influencing neuronal excitability. A third possibility (Fig.
1X) is that astrocytes may exercise someregulation of extracellular CaZ+by virtue of slow synchronized Ca*+ uptake that
could potentially influence transmitter releaseat synaptic junctions. Ca2+uptake by astrocytesaround synaptic complexesmay
reduce extracellular Ca2+,leading to a decreasein neurotransmitter release.SCN glial cells have long regionsof apposition
to neurons, with an extracellular distance of lessthan 20 nm.
The volume of the total extracellular spacebetween a neuron
and glial cell is very small (0.002 pm3 over a 10 Km2 area),
facilitating any neuronalresponseto astrocyte-mediatedchanges
in extracellular potassium,glutamate, or calcium.
Coupledastrocyte oscillators.We found ultradian oscillations
in both neuronsand glia cultured from SCN cells. Mathematical
modelscan be usedto demonstratethat the period of an aggregate rhythm from a population of oscillators may be faster or
longer than any individual oscillator in the group (Winfree,
1967), allowing a group of coupled oscillators, neurons or glia,
to form an aggregatecircadian rhythm. Coupling also can lead
to a precise aggregaterhythm by entraining the individual oscillators that would otherwisebe significantly hamperedby stochastic processes(Winfree, 1967). Mathematical modeling has
suggestedthat high-frequency oscillators with periods within
the samerange as those shown in the present article for SCN
cells may be the basisfor a low-frequency oscillator such as a
circadian oscillator (Pavlidis, 1969). Since a mechanismexists
for integrating Ca2+transients (Lisman and Goldring, 1988),
preciseultradian oscillationscould form the basisfor a circadian
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Figure 15. Threehypotheticalmodels

showhow SCNastrocytesmightmodulateneuronalactivity. The numbers in
each model indicate the generalsequenceof events.Possible
increases
or
decreases
in neuronalexcitability are
indicatedby the vertical arrows in the
neurons;ion movementisindicatedby
horizontal arrows. Under certaintemporal or concentrationconditions,the
direction
. _ of
_ excitability
. _. could be postulated to bein the directionopposite
to that shown.
rhythm. Coupling cellular oscillators alsoappearspossible.For
instance, liver cells are capable of synchronous and periodic
Ca2+secretionin responseto the sameagonist(Grafet al., 1987)
that causescyclical Ca2+transients in singleliver cells (Woods
et al., 1987). Like liver cells, SCN astrocytes are extensiveiy
coupled by gap junctions, both in vivo and in vitro, and thus
might couple their individual oscillations into an aggregate
rhythm. On a microscopic scale, we found that the period of
regular oscillations of individual astrocytes could be greatly increasedby the glutamate, 5-HT, or ATP induction of intercellular waves of Ca2+.These waves moving through coupled astrocytes increasedthe averageperiod from about 14set to about

60 set or longer, demonstratingthat astrocyte intercellular communication plays a significant role in the alteration of the averageperiod betweenthe Ca*+peaks.Waves of Ca2+have been
reported in other cells, where they appear to be dependent on
gap junctions between cells, and may utilize inositol 1,4,5-n-iphosphate to carry the messageacrossthe gap junctions (Berridge and Irvine, 1989; Charleset al., 1991). That the Ca*+wave
may move betweenSCN glia through gapjunctions is consistent
with our confirmation in the present study of dye coupling between thesecells. Substancesthat uncouple gapjunctions eliminate the intercellular Ca2+waves (Finkbeiner, 1991). The possibility that astrocyteswith different transmitter responsesmay
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have divided faster than others in culture makes it difficult to
predict the relative percentage of astrocytes that might respond
to transmitters in adult tissue.
Neuron and glial role in SCNfunction. The possible involvement of astroglia in SCN function has not been previously explored and, while it may appear unlikely, merits some examination. When TTX was administered to the SCN, cells of the
SCN continued to keep time, but their ability to drive behavioral
and physiological circadian rhythms was lost (Schwartz et al.,
1987; Meijer and Rietveld, 1989; Schwartz, 1991). Similarly,
TTX administration to SCN explants reduced peptide secretion,
but did not alter the phase of vasopressin secretion when a
rhythm could be detected after cessation of TTX (Earnest et al.,
199 1). Since TTX blocks sodium-dependent action potentials
and axonal conduction (Katz and Miledi, 1967), SCN neurons
cannot communicate with each other by conventional neurochemical transmission, yet when tetrodotoxin is removed, behavioral cycles continue as if the clock cells were keeping time
but were unable to send this message to other parts of the brain.
In the present study, we found that TTX does not block the
regular oscillations of SCN astrocytes, and similarly has no detectable effect on long-distance intercellular communication between astrocytes. In biological clocks in other species, gap junctions have been a regular feature, and are found in cellular
circadian clocks of the BuZZaeye (Jacklet and Geronimo, 197 1;
Jacklet and Colquhoun, 1983) and in the avian pineal (Takahashi and Menaker, 1984) and have been postulated to mediate
the function of the Drosophila clock gene per (Bargiello et al.,
1987). In contrast to SCN glia, neurons of the SCN have shown
little evidence for gap junctions (van den Pol, 1980). If new ways
of detection are successful at demonstrating intemeuronal gap
junctions in the SCN, this would add another dimension to
cellular interaction here.
SCN glia appear to be different than glia from the surrounding
hypothalamus as shown by the strong immunoreactivity for glial
fibrillary acidic protein in the SCN compared with the immediately adjacent hypothalamus (Morin et al., 1989). Furthermore, glia in other parts of the brain are estimated to occur in
numbers 10 times greater than neurons (Kuffler et al., 1984). In
sharp contrast, in the present study we found fewer glial cells
than neurons in the SCN. SCN glia also appear to be functionally
different than those in other parts of the brain. Whereas virtually
all (99-100%) hippocampal astrocytes responded to glutamate
under culture conditions similar to those described in the present
experiment (Cornell-Bell et al., 1990) a smaller percentage of
cells from SCN cultures show a Ca2+ response to glutamate.
Those SCN astrocytes that do not respond to glutamate may
respond to S-HT or ATP; we did not compare hippocampal
astrocytes with 5-HT or ATP. The communication between
specific glial partners in vitro may be mirrored in the brain.
Based on Golgi impregnations, gold sublimate staining, electron
microscopy (van den Pol, 1980) cell counts, and glial fibrillary
acidic protein immunostaining, single glial cells may interdigitate between neurons and surround axodendritic synaptic complexes, and thereby influence hundreds of SCN neurons. We
find that not only can glutamate induce intercellular waves of
Ca2+, as also found in the hippocampus (Cornell-Bell et al.,
1990), but of particular interest, 5-HT and ATP can also induce
these waves in cultured SCN astrocytes, leading to long-distance
astrocyte communication. Since the response of astrocytes to
the application of these substances is heterogeneous, one may
elicit waves of Ca2+ between subsets of glia based on their se-

lective transmitter response. The possibility of specific anatomical pathways of glial signaling, based on selective response to
different transmitters, merits experimental attention, not only
with regard to local circuit cellular interactions in the SCN, but
also in other regions of the brain. Recent experiments on hippocampal slices have demonstrated a direct influence of presumptive glutamatergic neurons on astrocyte CaZ+; electrical
stimulation of axons initiated CaZ+ waves in astrocytes near the
axon terminals (Dani et al., in press).
Orchestrated cellular rhythms of 2-deoxyglucose uptake in
the SCN are found at birth (Reppert and Schwartz, 1984).
Whereas glial cells develop later than neurons in most parts of
the hypothalamus, they may be found early in the SCN (Altman
and Bayer, 1986) and in the adjacent optic chiasm (Vaughn and
Peters, 1971) from which long astrocyte processes reach into
the SCN (van den Pol, 1980). 2-Deoxyglucose rhythms are unlikely to be coordinated by synaptic interaction, which is rare
at this stage of development (Moore, 199 1); an alternative substrate for cellular orchestration is the gap junction present between developmentally immature cells.
In general, a primary purpose of cellular oscillators and intercellular waves of Ca2+ appears to be related to intercellular
communication, and to increased cell synchrony. In this regard,
the incorporation of this type of information could be of potential use in an area of the brain involved in timekeeping, and
integration of astrocytes may lend greater stability to an oscillator based on rapidly responding neurons and astrocytes that
show a slower response. Different regions of the brain appear
to use similar physiological mechanisms, ion channels, and
transmitters to perform different functions, in large part based
on specific complex circuitry. As with other brain loci, the SCN
is unique in the constellation of afferent and efferent axons, and
local circuit interactions within the nucleus. Whether the ability
of the SCN to drive circadian rhythms is due to some undiscovered cellular feature, or to its unique organization, remains
to be determined.
The data presented here show dynamic responses and cellular
communication between SCN glia induced by transmitters found
in the SCN. These data suggest that the inclusion of both glial
cells and neurons in models of SCN function may provide a
more complete representation of cellular interaction in the biological clock. In both types of cells, Ca2+ may act as a critical
agent mediating the influence of many neuroactive substances
and orchestrating a number of intracellular mechanisms.
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