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Calcium Excitability and Oscillations in Suprachiasmatic Nucleus

Neurons and Glia in vitro
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Converging lines of evidence suggest that the hypothalamic
suprachiasmatic nucleus (SCN) s 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. Caz*
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 neu-
rotransmitters in afferents to the SCN. Astrocytes showed a
marked heterogeneity in their response to the serial perfu-
sion 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 Ca?* transients. Expression of
regular neuronal oscillations could be blocked by the inhib-
itory transmitter GABA. Astrocytes, on the other hand, showed
very regular rhythms of cytoplasmic Ca?* 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 in-
duced by glutamate, 5-HT, and ATP. These waves increased
the period length of cellular Ca** rises to 45-70 sec. Spon-
taneously oscillating cells were common in culture medium,
serum, or rat cerebrospinal fluid, but rare in HEPES buffer.

One source for cytoplasmic Ca?* increases was an influx
of extracellular Ca?+, as seen under depolarizing conditions
in about 75% of the astroglia studied. All neurotransmitter-
induced Ca?+ 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 in-
duce a Caz* rise in the absence of extraceliular Caz+, 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-immunoreac-
tive 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 response of suprachiasmatic nucleus (SCN) cells to gluta-
mate and other transmitters found in SCN afferent axons in-
cludes both transient Ca?* elevations and ultradian (with a pe-
riod less than 24 hr) oscillations. To study these cellular responses,
we used digital video and confocal laser microscopy with the
Ca?* indicator dye fluo-3. This video approach allows the study
of the Ca?* behavior of individual cells as well as the behavior
of aggregates or interactive groups of cells over time. Ca?* plays
a crucial second messenger role in a wide variety of cellular
events. The importance of Ca** is suggested by the apparent
absence of circadian rhythms of 2-deoxyglucose uptake and fir-
ing rate in the SCN in vitro if calcium was removed from the
buffer (Shibata et al., 1984, 1987). In the present study, re-
sponses of both neurons and astroglia were studied.

Several models of biological clock timekeeping are based on
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
been assumed to function by neuronal communication mediated
by neurotransmitter release. However, recent experiments
blocking sodium-dependent action potentials and related neu-
rotransmitter release with TTX (Schwartz et al., 1987; Meijer
and Rietveld, 1989; Schwartz, 1991) that failed to block time-
keeping have suggested that classical Na*-dependent axonal
neurotransmission may not be required for timekeeping or for
cellular orchestration within the SCN. The orchestrated meta-
bolic rhythms of SCN cells found prior to synaptogenesis (Rep-
pert and Schwartz, 1984) are also not easily reconciled with a



clock model based solely on conventional synaptic axonal neu-
rotransmission.

Of particular importance to circadian rhythms is the trans-
mitter released from the optic nerves that entrains the endog-
enous 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
etal., 1986) and causes a phase shift in circadian rhythms (Mei-
jer 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-dini-
troquinoxaline-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 im-
munogold cytochemistry to show glial cells surrounding pre-
synaptic axons showing high levels of glutamate immunoreac-
tivity in the adult SCN, and we used glutamate, several glutamate
agonists, 5-HT, and ATP to study the Ca?* 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 1—
8 weeks on glass coverslips coated with collagen and polylysine or polyly-
sine 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 (Prosil21, 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 strepto-
mycin and serum extender (Collaborative Research). Cultures were
maintained in a Napco 6100 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 Ca?*-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 um 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 fea-
tures to allow identification of the correct regions were discarded. His-
tological verification of these punches was done by staining the re-
maining 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 6100 incubator, or alternatively were put on glass cov-
erslips, and adhered with a thin layer of chicken plasma and thrombin,
as described by Gahwiler (1981) 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 glucose, 137 mm Na(l, 5.3 mm KCl, 3 mm CaCl,, 1 mm MgCl,,
1 umM tetrodotoxin (TTX), pH 7.4], and then placed in a chamber al-
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 chan-
nels. A high potassium buffer was similar, except that KCl was increased
to 56 mmM, 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-p-aspartate (NMDA), MgCl, was de-
leted from the buffer, and 4 uM glycine was added.

The intensity of fluorescence of fluo-3 increases in the presence of
Ca?*, 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. Fur-
thermore, fluo-3 could be detected both with fluorescent microscopy
and with argon laser confocal microscopy. Ratio imaging dyes such as
fura-2 that require more intense light of a shorter wavelength were
unsuitable for many of our experiments due to the higher level of pho-
totoxicity over the long recording periods with images averaged every
second. Among all the available Ca** 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 in-
creased 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 151 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 visu-
alization. Data are expressed as a change in fluorescence over baseline
fluorescence (AF/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 experi-
ment a video record of each cell with different neutral density filters
(1%, 2%, 3% transmittance). This allowed a comparison of different
cells under the same experimental conditions when the data were ex-
amined as a change in Ca?*-induced fluo-3 fluorescence over the baseline
corrected fluorescence (AF/F,) (Cornell-Bell et al., 1990; van den Pol
et al., 1990; Cornell-Bell and Finkbeiner, 1991; Finkbeiner, 1991). 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 fluo-
rescein 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 (1%, 3% transmittance) were used to determine corrected fluo-
rescence values.

For the ratio imaging experiment, cells were loaded in 5 um fura-2
AM 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. Inten-
sities were collected through a 480-520 band pass filter. Calibration was
based on 100 uM ionomycin in the presence of 10 mm Ca?* for maximum
bound dye, and chelation with EGTA for minimum. A 10-um-diameter
aperture circle over the respective cell bodies was used for data collec-
tion.

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 1. Immunocytochemistry of neurons and astroglia. 4, 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 neu-
rofilament 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 pym.
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Figure 2. Neuron Ca?* responses illustrated here are expressed as the
change in fluorescence over baseline fluorescence (AF/F) as described
in Materials and Methods. 4, A single SCN neuron showed a strong
increase in Ca?* in response to 30 umM glutamate, quisqualate, and kain-
ate, but not to NMDA. B, An SCN neuron responds to aspartate, NMDA,
and glutamate (all at 30 um) in the absence of magnesium and presence
of 4 um glycine.

tip internal diameter of about 1 um were filled with 6-carboxyfluores-
cein, a small fluorescent molecule that diffuses through gap junctions.
During observation on the video screen with a combination of video-
intensified differential interference contrast optics and fluorescent illu-
mination, 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 hemo-
cyanin. 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 perfused transcardially with 3% glutaraldehyde, and the SCN was
removed, treated with 1% osmium tetroxide and 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, 1991; van den Pol and Decavel,
1990), and the presence of immunoreactive boutons and their anatom-
ical relationship to nearby astrocytes was studied.

At the ultrastructural 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 pro-
cesses. To estimate the relative number of glia and neurons with ste-
reology, 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 cyto-
chemical criteria, including immunostaining with antisera against the
plasmalemma molecules neural cell adhesion molecule (NCAM; gift of
U. Rutishauser or G. Rougon), L1 (gift of V. Lemmon), tetanus toxin-c
fragment (Boehringer-Mannheim), and neurofilaments (68 kDa) (Stern-
berger), neuropeptides such as neurophysin, vasopressin (gift of M. Sof-
roniew), and vasoactive intestinal polypeptide (Incstar), and glial fi-
brillary acidic protein (gift of L. Eng), were used. Secondary antibodies
were labeled with colloidal gold or fluorescein. Cells were imaged on



A
GLUTAMATE K
50 uM 20 M 5uM ASITL;\HTE
\N_ \-\L.\-) - .4.//./Y
120% AF/F |
170 s
B
GLU GLU GLU 5-HT 5-HT GLU

45% AF/F I

70 s

45% AF/F I

70 s

S6% AF/F I

70 s

L s s L T ST R R AT

S6% AF/F |

70 s

Figure 3. A, Astrocyte showed an increased intracellular Ca?* in re-
sponse to repeated perfusions of glutamate or kainate. B, Four astroglia
from the same plate recorded simultaneously. Two cells showed a Ca**
influx in response to glutamate, but not to 5-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 mi-
croscope.

Results

Neurons had long processes and a semispherical cell body, were
immunoreactive for NCAM, L1, and neurofilament protein (Fig.
1B), and were labeled with tetanus toxin (Fig. 1C). Some neu-
rons were also immunoreactive for vasopressin or neurophysin,
substances found in the SCN in vivo. Cells were not used until
at least 5 d after culturing, a time when electron microscopy
revealed that synapses were established between neurons. As-
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Figure 4. Cytoplasmic Ca?* measured with fura-2 in five neurons or
glia at each glutamate concentration. Error bars are SD.

trocytes had a flat, sheet-like morphology with diameters several
times greater than that of neurons and exhibited positive im-
munostaining for glial fibrillary acidic protein antisera (Fig. 14)
and negative staining with L1 antiserum or neurotransmitter-
related antisera including neurophysin, vasopressin, or vaso-
active intestinal polypeptide.

Transmitter response. With optical video analysis, the ma-
jority of SCN neurons (183 of 194 cells, 94%) responded to 100
uM glutamate. Ca?* rises were also seen in many neurons at
glutamate concentrations of 1-5 uM (see Fig. 13G,H). Cells re-
sponded vigorously to the glutamate agonists kainate and quis-
qualate (Fig. 24), but only a minor response to NMDA was
seen with the HEPES buffer normally used. When HEPES buffer
lacking Mg* and including glycine was used, SCN neurons were
found that responded strongly to 30 um NMDA and 30 um
aspartate (Fig. 2B). The estimate of the number of SCN neurons
that responded to glutamate is a conservative one; neurons that
showed a high initial level of fluo-3 fluorescence may have re-
sponded to glutamate with a Ca>* increase not detectable with
the optical constraints of the video system set to analyze faintly
fluorescent cells in the same microscope field.

Astrocytes also responded to repeated administrations of 100
uM glutamate (226 of 266 astroglia, 85%), kainate (Fig. 34), and
quisqualate with rapid increases in intracellular Ca?*. Increases
in Ca?*-related fluorescence were seen in the cytoplasm of the
processes and cell body, and sometimes included the cell nu-
cleus. We did not see any strong response in astrocytes to ap-
plication of cither aspartate or NMDA in either the presence or
absence of Mg* or glycine.

Because the percentage of SCN astrocytes that responded to
glutamate was lower than the percentage of hippocampal astro-
cytes that responded to glutamate (100% of 323 hippocampal
astrocytes), we tested whether the cells that did not respond to
glutamate perhaps were unable to respond to any Ca?*-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 response to glutamate
and 5-HT. The response of SCN glia to serial application of
different neurotransmitters was heterogeneous. In one experi-
ment, some glia (2 of 13) showed an intracellular Ca?* increase
with glutamate, while others (2 of 13) in the same video field
on the same coverslip responded only to 5-HT. In this group
of cells, most cells (9 of 13) did not respond to either transmitter
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Figure 5. Neuron oscillations. 4, An SCN neuron showed a spontaneous regular Ca?* oscillation that could be consistently blocked with 30 um
GABA. Glutamate raised the mean Ca?* level in this cell, but oscillations continued. This cell was grown in a low neuronal cuiture density, 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 trace shows Ca?* 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 as the SD as a percentage of the mean) was 4.8 x greater in the neuron (62%) than in the glial celt (13%) based on cells in
Figure 6B. This neuron and the astrocytes in Figure 6 are representative of SCN astrocytes and neurons in general in the presence of TTX.

(Fig. 3B). In another group of cells cultured under the same
conditions, most glia (50 of 51) responded to both 5-HT and
glutamate as shown by the examples in Figure 6. To examine
further the heterogeneous response of astrocytes, particularly
those that did not respond to glutamate, we also used ATP. ATP
is released from many axon terminals (Burnstock, 1986) and
has been suggested as a potent agent for increasing intracellular
Ca?* in astrocytes (McCarthy and Salm, 1991). In some cov-
erslips, regions could be found where 90% of the astrocytes
responded to extracellular ATP (see Fig. 74-C), but a response
to glutamate could not be detected. These results suggest that a
clonal expansion of astrocytes with similar receptive properties
may occur. Relatively little Ca?* response to ATP was found in
neurons. Ca?* rises in the cytoplasm were seen in all responding

cells; in some cells a rapid increase in nuclear Ca?* was also
detected in phase with the cytoplasmic increase.

To determine how the Ca?* levels in SCN cells compared with
those found in other regions of the nervous system, we used the
ratio imaging calcium indicator dye fura-2 and averaged the
responses to glutamate for five cells at each glutamate concen-
tration (Fig. 4). Fura-2 was not used for the long repeated video
recording in most of our experiments, due to the greater cellular
phototoxicity of parameters required for imaging fura-2. The
baseline and stimulated values from SCN neurons and glia were
in the same range as reported for cells from other brain regions
(Glaum et al., 1990; Cline and Tsien, 1991).

Calcium oscillations. Neurons with regular oscillations were
found in the absence of TTX, and could be perturbed by amino
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Figure 6. A, Two astrocytes respond-
ed to glutamate and then to 5-HT with
a periodic oscillation of intracellular
Caz*, Note the short periods of the low-
er cell compared to the long period of
the upper cell in the presence of 5-HT.
The long period in the upper cell was
due to an intercellular Ca?* wave orig-
inating from other glial cells, while the
period of the lower cell was due to os-
cillations originating in that cell. These
experiments were done in the presence
of 1 um TTX. B, Part of the recording

I

acid transmitters. An example of one neuron that showed a
regular Ca?* oscillation is shown in Figure 54. The regular os-
cillation was blocked by introduction of the inhibitory trans-
mitter GABA (Fig. 54). When GABA was removed, the oscil-
lations 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-

in the lower astrocyte in Figure 64 that

S0% AF/F is boxed is expanded to facilitate ex-
amination of the regularity of the pe-
riodic response. The lowest trace shows

40 s Ca?* peaks in B as single events.

regular fluctuations of intracellular Ca?* were not uncommon
(Fig. 5B).

Glial cells showed stable periodic oscillations of intracellular
Ca?* in response to applications of neurotransmitters (Fig. 64, B)
in the presence or absence of 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 neurotrans-
mitter-application. Glial cells showed both a Ca2* rise and Ca?+
oscillations in response to perfusion of glutamate, 5-HT, and
extracellular ATP (Fig. 7B,0).
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Figure7. A, The response of four astrocytes to extracellular perfusion
of ATP is shown. The top cell responded only to 100 um ATP, while
the second and fourth cells responded to 10 um ATP with a small increase
in intracellular Ca?* and a larger increase with 100 um ATP. The third
cell shows no response to ATP. B, Two astrocytes responded to 5 uMm
ATP with an immediate increase in intracellular Ca2*, They represent
the majority of cells, of which 84 of 91 cells in three experiments showed
a Ca?* rise in response to 5 or 10 um ATP. The bottom cell shows Caz+
oscillations. Both cells maintained a higher intracellular Ca2+ level until
ATP was washed out. C, The boxed area in B is expanded to show the
Ca?* oscillations more clearly.

A set of three experiments was designed to classify the Ca?*
oscillations found in SCN astrocytes. In the first one, cells were
aepoiarized to test whether SCN glial cells exhibited any voltage-
dependent Ca?* fluxes. Figure 84 shows an astrocyte responding
to depolarizing concentrations of extracellular K+. Most astro-
cytes (70-80%) showed a cytoplasmic Ca2* rise that depended
on extracellular Ca?*. However, depolarization-induced Ca+
oscillations were not observed. Since a significant minority of
astrocytes did not respond to depolarization with a Ca?* rise,
cells were exposed to 5-HT while depolarized to determine if
oscillations could still occur. Figure 8 B shows an example of an
astrocyte in which 5-HT-induced oscillations were relatively
unaffected by depolarization. A third experiment of this series
was designed to examine the Ca?* origin for the transmitter-
induced oscillations. Cells were perfused with 5-HT in the pres-
ence of Ca>*-free/EGTA-containing buffer; Figure 8 C shows that
the Ca?* involved in 5-HT-induced oscillations is primarily
from intracellular sources since the response to the transmitter
comes in the absence of extracellular Ca?*. A minor contribution
from extracellular Ca?* is suggested by subtle changes in the
pattern of oscillation. The period of the oscillation was slightly
longer in the absence of extracellular Ca2+. Ca?* oscillations in
Ca?*-free conditions tend to be superimposed on a different
intracellular Ca2* baseline. In the absence of 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 Ca?* stores.

Whereas astrocytes as a group showed heterogeneous re-
sponses to different neurotransmitters, each individual astrocyte
showed a stereotyped response to a single transmitter. This is
seen both in the rate of rise and fall of Ca2?* after single appli-
cations of transmitter as seen in the glutamate responses of cells
1 and 3 in Figure 3B, and in the different patterns of oscillations
found with longer transmitter stimulations.

Intercellular glial interaction. Tracing Ca%* waves between
adjacent glia (Fig. 9B) indicated that the intercellular pathway
is not random, but rather moves very specifically between cer-
tain adjacent glia, but not between others, probably due to the
presence of a sufficient number of active gap junctions between
communicating glial cells. The wave, seen as a slow-moving
front of increased fluorescence, traveled at about 15 pm/sec
across individual cells, and from cell to cell. Ultrastructural
analysis revealed large gap junctions between glia in vifro and
in vivo. While neurons may not be able to communicate with
one another via voltage-sensitive sodium channels and propa-
gated axonal action potentials in the presence of TTX, Ca?*
waves induced in glial cells by glutamate, 5-HT, or ATP traveled
intercellularly probably via gap junctions to other glial cells even
in the presence of TTX (Fig. 94). Intercellular waves of Ca?*
movement resulted in slow periodic Ca?* rises in the individual
cells involved in the wave, with peak-to-peak periods ranging
from 45 to 70 sec, much longer than the periods of cells not
showing obvious synchrony with other astrocytes. We found no
slow-moving waves of Ca?* traveling between neurons.

Dye coupling. As the Ca?* wave may propagate from cell to
cell by transfer of small molecules through gap junctions, we
examined the dye coupling of astrocytes. Single SCN astrocytes
that were intracellularly filled with carboxyfluorescein showed
movement of the dye to several adjacent neighboring astrocytes
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 8. A, An increase in extracellular K+ caused a rise in Ca?*
through voltage-gated Ca** channels in the plasmalemma. No increase
was seen if extracellular Ca2* 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 Ca?* rise, 5-HT induced a
Ca?+ rise and Ca?* oscillations, in both the presence and absence of
extracellular K+. C, Two astrocytes showed an increase in Ca?* and
oscillations in Ca2*-free buffer. The oscillations were not detected in the
upper cell in the presence of the extracellular Ca?*.
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Figure 9. A, Waves of Ca?* 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 indepen-
dently oscillating glial cell, increasing the length of the period. The
regular rise and fall of Ca?* is different in two cells from the same
coverslip, showing the complex interaction between the individual os-
cillation and the wave dependent periodic rise and fall in cell Ca?*.
These experiments were done in the presence of 1 um 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 Caz* wave (shown by the thin line) at
2 sec intervals as it traveled from cell to cell is indicated by the numbers
(sec).

Serum, medium, and rat cerebrospinal fluid. Most of the ex-
periments were done with HEPES buffer, as commonly used
with Ca2* imaging. To recreate more closely the conditions un-
der which these cells are growing, their responses to conditioned
medium, nonconditioned medium, and serum were tested. The
majority of cells (~95%), both neurons and glial cells, showed
a Ca?* rise when the medium they were growing in was reintro-
duced after a wash with HEPES buffer. To determine if this
response was due to factors released by the cells or was due to
the nonconditioned medium, three different media without se-
rum were perfused through the chamber. All three, including
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Serum

GIBCO F10, Eagle’s MEM, and Dulbecco’s MEM, caused an
increase in Caz+ levels in 95% of the cells tested (n > 100).
Similarly, fetal bovine serum (10%) when added to the HEPES
buffer induced Ca?* rises in 96% of the cells (# = 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 dis-
aggregated 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 micros-
copy, many of the astrocytes (43 of 55) showed Ca?* 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. 134). The
top astrocyte in Figure 12 shows Ca?* oscillations with an initial
period of about 18 sec after introduction of CSF; as the mean
Ca?* level of the cell decreases, a second extended series of
oscillations with a period of about 45 sec is seen for the duration
of the recording period. Others showed an initial series of os-
cillations, 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 D-F).
Some astrocytes that showed regular oscillations in the cyto-
plasm also showed similar oscillations in the nucleus in phase
with cytoplasmic Ca?* 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 Ca?* oscillations.

Astrocytes surround presynaptic glutamate-immunoreactive
boutons—ultrastructural immunocytochemistry. Although glu-

NN S

Figure 10. The addition of fetal bo-
vine serum to the HEPES buffer in-
duced a sharp rise in Ca?* that drops
down to the baseline, while Ca2+ oscil-
lations continue in both of these astro-
cytes.
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tamate has been suggested as a primary transmitter in afferent
projections to the SCN, supporting immunocytochemical evi-
dence has been lacking. Since we found a glial response to glu-
tamate in vitro, we investigated the morphological relationships
between presynaptic boutons immunoreactive for glutamate and
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 sheaths surrounded many
synaptic complexes, including those in which the presynaptic
axon exhibits a high immunoreactivity for glutamate (Fig. 14);
these astrocyte processes segregate many neuronal elements from
each other.

Glia in the adult SCN occur in numbers somewhat less than
the number of neurons, as determined with stereological (Pal-
kovits, 1976) counting of glial cells in electron micrographs from
the SCN of adult male rats. Based on percentage of stereological
point overlays on glia and neurons and on relative cell size in
60 random fields, the relative number of astroglia per unit vol-
ume was estimated to be about 65% of that of neurons with
some variation 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 Ca?*
response to neurotransmitters. These were seen either as an
increase in Ca?* levels, or as a change in the patterns of ultradian
oscillations. Ca?* changes in the cytoplasm could serve to influ-
ence many of the intracellular systems using Ca?* as a second
messenger. Ca?* rises detected in the cell nucleus may serve to
modulate genomic expression there. The induction of ¢c-fos and
c-jun by neurotransmitters or cholera toxin may act through
Ca?* second messengers (Gabellini et al., 1991; Trejo and Brown,



1991). An increase in SCN cell nuclear c-fos and other early-
immediate gene products can be induced by photic stimulation
at certain times of an animal’s circadian cycle (Rea, 1989; Komn-
hauser et al., 1990; Rusak et al., 1990), perhaps through intra-
cellular Ca** signaling.

Neuron response to glutamate. Immunocytochemical local-
ization of high levels of glutamate in presynaptic endings in the
SCN adds further 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 wide-
spread Ca?* response of SCN neurons to glutamate suggests that
the relative ineffectiveness of excitotoxic amino acids in killing
SCN cells (Peterson and Moore, 1980) is not due either to the
lack of glutamate receptors, or to a lack of an increase in intra-
cellular Ca?*, which has been suggested as one cause of 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 smaller number or different types of glutamate
receptors, to differences in second messenger systems related to
Ca?*, or to differences in the astrocyte response and uptake of
glutamate remains to be determined.

Mechanism of SCN cellular Ca?* oscillation. Ca** oscillations
are found outside the SCN in other cell types, and have been
broadly categorized as either membrane oscillators or cytosolic
oscillators according to the site where most of the Ca** fluxes
occur (Berridge and Galione, 1988; Berridge and Irvine, 1989).
Membrane oscillators depend on agonist-induced transmem-
brane voltage changes to trigger a reciprocal activation of volt-
age-gated Ca>* and Ca**-sensitive potassium channels, resulting
in a periodic Ca?* influx. One example of a membrane oscillator
is glucose-stimulated Ca?* oscillations in pancreatic S-cells
(Sherman et al., 1988; Grapengiesser et al., 1989; Chay, 1990).
Cytosolic oscillators involve the periodic release of Ca?* from
an intracellular store; the mechanism may include receptor-
stimulated inositol turnover, subsequent Ca?* release from the
endoplasmic reticulum, and specific interactions between intra-
cellular elements such as protein kinase C, phospholipase C,
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Figure 11. Laser confocal image of a
propidium iodide-stained hypotha-
lamic slice of a 3 d neonatal rat. Part
of the SCN on both sides was punched
out for culturing (arrows). oc, optic chi-
asm; 3v, third ventricle.

and Ca?* reservoirs other than the endoplasmic reticulum. A
capacitive model of cytosolic oscillators (Putney, 1986) postu-
lates the existence of an intracellular store capable of accumu-
lating cytosolic Ca?* to a threshold level. Above threshold, ad-
ditional cytosolic Ca’* increases serve to stimulate a 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 absence of extracellular Ca?*, our data
suggest that the neurotransmitter-induced Ca?* increase, at least
under our in vitro conditions, is primarily from intracellular
stores, invoking a cytoplasmic oscillatory mechanism (Cornell-
Bell et al., 1990; Jensen and Chiu, 1990) rather than a membrane
oscillatory system.

Most experiments were done with HEPES buffer of minimal
composition; addition of culture media, serum, or CSF to mimic
more natural conditions increased the general level of activity
of all cells, suggesting that a much greater level of complexity
and oscillatory behavior may be occurring in the brain. Ex-
tended Ca?+ oscillations were found in astrocytes from SCN
explants incubated in rat CSF, but not when CSF was replaced
with buffer.

Regular Ca?* oscillations in SCN neurons were detected less
often than in astrocytes, and predominantly in the absence of
TTX. Astrocyte oscillations in the presence of TTX were very
regular. In contrast, neuronal oscillations tended to be sporadic
and irregular in the presence of TTX in our in vitro conditions.
This suggests that intercellular axosynaptic communication be-
tween neurons, or voltage-dependent sodium channels, may play
a role in maintaining regular oscillations in neurons. Since there
is a positive correlation with transmitter release and intracellular
Ca?*, neurons that demonstrated regular cycles of Ca?* may also
release their neurotransmitters in corresponding ultradian cy-
cles. Oscillations in neurons were under neurotransmitter mod-
ulation. 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
Ca?* oscillations. The fop cell continued to show Ca?* oscillations throughout the time of examination. The other two cells returned to baseline
Ca?* levels. After 608 sec, recordings were stopped to reduce the possibility of phototoxicity of the laser beam; 500 sec 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 uM 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
Ca?* oscillation. Green indicates higher levels of fluorescence, and pink indicates lower levels. Images were recorded 5.4 sec apart. The first image
is labeled 1 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 Ca?* signal in the 5th, 13th, and 21st frames; Ca?* peaks were 43 sec apart. This sequence is
130 sec 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 um. 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 ym. 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 um. 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 sec before stimulation, representative of the previous 100 sec. E shows the cells 3 sec after initiation of stimulation, and F
shows the same field 10 sec later. Width of micrograph is 80 um. 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 um glutamate. All 15 neurons showed an increase in Ca?* 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 gm.
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Figure 14. Glutamate-immunoreactive axon terminal (4X) labeled with
colloidal gold particles (small arrows) makes synapse (open arrow) with
dendrite (DEN). The synaptic complex is isolated from SCN neuropil
by astrocyte processes (/arge arrows). 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
absence of GABA, whereas glutamate set the mean intracellular
Ca?* of the oscillating neuron at a higher level. These amino
acid transmitters, glutamate and GABA, found in large numbers
of presynaptic terminals surrounded by astrocytes in the SCN,
influence both the baseline level of intracellular Ca** as well as
the ultradian Ca?* oscillations.

That circadian rhythms may be related to ultradian oscilla-
tions is suggested by 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 ex-
pressed both in neurons and in glial cells in the fly brain (Zerr
etal., 1990). Recent experiments with fly genetic mosaics suggest
that expression of per in glia without detectable expression in
neurons may be sufficient for weak manifestation of circadian
behavioral rhythms in Drosophila, although normal circadian
rhythms are probably associated with per expression in both
glia and neurons. Drosophila glia expressing per are postulated
to play a role in coupling the activity of pacemaker neurons (J.
Hall, personal communication; Ewer et al., 1992).

Astrocyte modulation of neural activity. If astrocytes are in-
volved in SCN function, they must be in communication with
neurons since the output of the clock clearly involves neuronal
efferent projections (Schwartz et al., 1987; Meijer and Rietveld,
1989; Schwartz, 1991). With ultrastructural immunocytochem-
istry, we showed here that in the mature SCN, astrocytes are in
close contact with axon terminals and surround glutamate-im-
munoreactive axons in synaptic contact with dendrites. We have
no direct evidence that SCN astrocytes modulated neuronal
activity. Three hypothetical models involving changes in intra-
cellular Ca** and secondary changes in extracellular potassium,
arachidonic acid or a metabolite, or calcium are suggested here.
These models are not mutually exclusive and could underlie
glial modulation of neural activity. In the potassium model (Fig.
154), an increase in intracellular Ca?* acts in concert with as-
trocyte depolarization induced by glutamate or other transmit-
ters (Bowman and Kimelberg, 1984; Kettenmann and Schach-
ner, 1985; Usowicz et al., 1989) to open enough Ca*+-activated
potassium channels (Quandt and MacVicar, 1986; Nowak et
al., 1987; Barres et al., 1988) to significantly alter the potassium
concentration of the extracellular space between astrocytes and
neurons. The second model (Fig. 158) is based on intracellular
Ca?* rises in glia that would directly activate phospholipase A,,
thereby liberating arachidonic acid from astrocytes (Axelrod et
al., 1988; Bruner and Murphy, 1990). Similarly, arachidonic
acid is released from neurons after stimulation of the NMDA
receptor by glutamate (Dumuis et al., 1988). Peptide transmit-
ters may also increase Ca?*-dependent arachidonic acid release
from astrocytes, leading to an increased extracellular 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
lead to a netrise in extracellular glutamate concentrations, there-
by influencing neuronal excitability. A third possibility (Fig.
15C) is that astrocytes may exercise some regulation of extra-
cellular Ca?t by virtue of slow synchronized Ca?* uptake that
could potentially influence transmitter release at synaptic junc-
tions. Ca?* uptake by astrocytes around synaptic complexes may
reduce extracellular Ca?*, leading to a decrease in neurotrans-
mitter release. SCN glial cells have long regions of apposition
to neurons, with an extracellular distance of less than 20 nm.
The volume of the total extracellular space between a neuron
and glial cell is very small (0.002 um? over a 10 um? area),
facilitating any neuronal response to astrocyte-mediated changes
in extracellular potassium, glutamate, or calcium.

Coupled astrocyte oscillators. We found ultradian oscillations
in both neurons and glia cultured from SCN cells. Mathematical
models can be used to demonstrate that the period of an aggre-
gate 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 aggregate circadian rhythm. Coupling also can lead
to a precise aggregate rhythm by entraining the individual os-
cillators that would otherwise be significantly hampered by sto-
chastic processes (Winfree, 1967). Mathematical modeling has
suggested that high-frequency oscillators with periods within
the same range as those shown in the present article for SCN
cells may be the basis for a low-frequency oscillator such as a
circadian oscillator (Pavlidis, 1969). Since a mechanism exists
for integrating Ca?* transients (Lisman and Goldring, 1988),
precise ultradian oscillations could form the basis for a circadian
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rhythm. Coupling cellular oscillators also appears possible. For
instance, liver cells are capable of synchronous and periodic
Ca?* secretion in response to the same agonist (Grafet al., 1987)
that causes cyclical Ca>* transients in single liver 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 in-
creased by the glutamate, 5-HT, or ATP induction of intercel-
lular waves of Ca?*. These waves moving through coupled as-
trocytes increased the average period from about 14 sec to about

tulated to be in the direction opposite
to that shown.

60 sec or longer, demonstrating that astrocyte intercellular com-
munication plays a significant role in the alteration of the av-
erage period between the Ca?* peaks. Waves of Ca?* have been
reported in other cells, where they appear to be dependent on
gap junctions between cells, and may utilize inositol 1,4,5-tri-
phosphate to carry the message across the gap junctions (Ber-
ridge and Irvine, 1989; Charles et al., 1991). That the Ca?* wave
may move between SCN glia through gap junctions is consistent
with our confirmation in the present study of dye coupling be-
tween these cells. Substances that uncouple gap junctions elim-
inate the intercellular Ca?* waves (Finkbeiner, 1991). The pos-
sibility that astrocytes with different transmitter responses may
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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 SCN function. The possible involve-
ment of astroglia in SCN function has not been previously ex-
plored and, while it may appear unlikely, merits some exami-
nation. 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.,
1991). Since TTX blocks sodium-dependent action potentials
and axonal conduction (Katz and Miledi, 1967), SCN neurons
cannot communicate with each other by conventional neuro-
chemical transmission, yet when tetrodotoxin is removed, be-
havioral 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 de-
tectable effect on long-distance intercellular communication be-
tween astrocytes. In biological clocks in other species, gap junc-
tions have been a regular feature, and are found in cellular
circadian clocks of the Bulla eye (Jacklet and Geronimo, 1971;
Jacklet and Colquhoun, 1983) and in the avian pineal (Taka-
hashi 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 interneuronal 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 imme-
diately adjacent hypothalamus (Morin et al., 1989). Further-
more, 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 Ca?* response to glutamate.
Those SCN astrocytes that do not respond to glutamate may
respond to 5-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 interdig-
itate between neurons and surround axodendritic synaptic com-
plexes, and thereby influence hundreds of SCN neurons. We
find that not only can glutamate induce intercellular waves of
Ca?*, 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 Ca?* between subsets of glia based on their se-

lective transmitter response. The possibility of specific anatom-
ical 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 hip-
pocampal slices have demonstrated a direct influence of pre-
sumptive glutamatergic neurons on astrocyte Ca?*; electrical
stimulation of axons initiated Ca?* 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 un-
likely to be coordinated by synaptic interaction, which is rare
at this stage of development (Moore, 1991); an alternative sub-
strate for cellular orchestration is the gap junction present be-
tween developmentally immature cells.

In general, a primary purpose of cellular oscillators and in-
tercellular waves of Ca2* appears to be related to intercellular
¢ommunication, and to increased cell synchrony. In this regard,
the incorporation of this type of information could be of po-
tential use in an area of the brain involved in timekeeping, and
integration of astrocytes may lend greater stability to an oscil-
lator 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
1s 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 undis-
covered 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 bi-
ological clock. In both types of cells, Ca** may act as a critical
agent mediating the influence of many neuroactive substances
and orchestrating a number of intracellular mechanisms.
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