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Although metabotropic glutamate receptor (mGluR) modula-
tion has been studied extensively in neurons, it has not been
investigated in astrocytes. We studied modulation of
glutamate-evoked calcium rises in primary astrocyte cultures
using fura-2 ratiometric digital calcium imaging. Calcium
plays a key role as a second messenger system in astro-
cytes, both in regulation of many subcellular processes and
in long distance intercellular signaling. Suprachiasmatic nu-
cleus (SCN) and cortical astrocytes showed striking differ-
ences in sensitivity to glutamate and to mGluR agonists,
even after several weeks in culture. Kainate-evoked intracel-
lular calcium rises were inhibited by concurrent application
of the type I and II mGluR agonists quisqualate (10 mM),
trans-(6)-1-amino-1,3-cyclopentanedicarboxylate (100–500
mM), and (2S-19S-29S)-2-(carboxycyclopropyl)glycine (L-
CCG-I) (10 mM). Inhibition mediated by L-CCG-I had long-
lasting effects (.45 min) in ;30% of the SCN astrocytes
tested. The inhibition could be mimicked by the L-type cal-
cium channel blocker nimodipine (1 mM) as well as by protein
kinase C (PKC) activators phorbol 12,13-dibutyrate (10 mM)

and phorbol 12-myristate 13-acetate (500 nM), and blocked
by the PKC inactivator (6)-1-(5-isoquinolinesulfonyl)-2-
methylpiperazine (200 mM), suggesting a mechanism involv-
ing PKC modulation of L-type calcium channels. In contrast,
mGluRs modulated serotonin (5HT)-evoked calcium rises
through a different mechanism. The type III mGluR agonist
L-2-amino-4-phosphonobutyrate consistently inhibited 5HT-
evoked calcium rises, whereas in a smaller number of cells
quisqualate and L-CCG-I showed both inhibitory and addi-
tive effects. Unlike the mGluR-kainate interaction, which re-
quired a pretreatment with an mGluR agonist and was insen-
sitive to pertussis toxin (PTx), the mGluR modulation of 5HT
actions was rapid and was blocked by PTx. These data
suggest that glutamate, acting at several metabotropic re-
ceptors expressed by astrocytes, could modulate glial activ-
ity evoked by neurotransmitters and thereby influence the
ongoing modulation of neurons by astrocytes.
Key words: astrocytes; suprachiasmatic nucleus; calcium;

serotonin; kainate; metabotropic glutamate receptors; iono-
tropic glutamate receptor; digital imaging; cortex

Astrocytes are an integral part of signal processing in the nervous
system. They express functional receptors for several neurotrans-
mitters and modulators and show stereotyped calcium responses
from internal or external sources (Murphy and Pearce, 1987;
Barres et al., 1988; Barres et al. 1990; McCarthy and Salm, 1991;
Hösli and Hösli, 1993; Sontheimer, 1994). Changes in intracellular
calcium not only modify glial physiology, but they also seem to be
involved in complex intercellular communication networks (for
review, see Finkbeiner, 1993). Astrocytes can control neuronal
excitability directly (Nedergaard, 1994; Parpura et al., 1994) or
indirectly through modulation of extracellular potassium (Barres,
1991) or glutamate levels (Shao and McCarthy, 1994; Gallo and
Russell, 1995).
Astrocytes have been studied in regard to their function in various

physiological states, including development (LaMantia, 1995), glu-
cocorticoid neurotoxicity (Horner et al., 1990; Virgin et al., 1991),
and ischemia (Tombaugh and Sapolsky, 1990; Dugan et al., 1995;

Papadopoulos et al., 1996), and in psychiatric disorders, including
anxiety and depression (Whitaker-Azmitia et al., 1993). Glutamate
and serotonin (5HT) play critical roles in several of these states
(LaMantia, 1995; Saxena, 1995). In addition, results from several labs
have suggested that astrocytes may play a role in the control of
circadian rhythmicity (Ewer et al., 1992; van den Pol et al., 1992;
Lavialle and Servière, 1993, 1995; van den Pol and Dudek, 1993;
Bennett and Schwartz, 1994; Prosser et al., 1994).
Glutamate is the major excitatory neurotransmitter in the

CNS, including the cortex and the suprachiasmatic nucleus
(SCN). In the SCN it acts as the primary excitatory transmitter
conveying the photic signal from the retina that entrains the
circadian clock. Modulation of glutamate transmission has
been studied extensively in neurons in the CNS. In hypotha-
lamic neurons, modulators such as neuropeptide Y (NPY) and
adenosine depress glutamatergic transmission by either a per-
tussis toxin (PTx)-sensitive G-protein-coupled pathway or by
inhibition of voltage-activated calcium channels (VACCs). In
neurons, glutamate-evoked calcium rises were depressed by
adenosine, whereas in astrocytes calcium responses were po-
tentiated by adenosine (Obrietan et al., 1995).
Interactions between ionotropic and metabotropic receptors

have been shown in several neuronal systems (Glaum and Miller,
1993; Nakanishi, 1994; Schoepp, 1994; Gereau and Conn, 1995;
Gorman et al., 1995). Modulation may occur by downregulation of
ion channel receptor sensitivity directly or by cross-regulation

Received Oct. 8, 1996; revised Dec. 12, 1996; accepted Dec. 16, 1996.
This research was supported by National Institutes of Health Grants NS 10174, NS

31573, NS 30619, and NS 34887, and the Air Force Office of Scientific Research.
L.L.H. was the recipient of a National Institute of Mental Health predoctoral
National Research Service Award. We thank Drs. K. Obrietan and H. Srere for
helpful suggestions on this manuscript.
Correspondence should be addressed to Anthony N. van den Pol, Section of

Neurosurgery, Yale University School of Medicine, 333 Cedar Street, New Haven
CT 06520.
Copyright q 1997 Society for Neuroscience 0270-6474/97/171825-13$05.00/0

The Journal of Neuroscience, March 1, 1997, 17(5):1825–1837



through another transmitter system or second messenger path-
way. mGluRs have been shown in neurons to modulate potassium
channel function (Gerber and Gähwiler, 1994) and calcium chan-
nel currents (Sahara and Westbrook, 1993; Chavis et al., 1995).
This interaction is sometimes sensitive to G-protein inhibitors
such as PTx but not to second messenger blockade, raising the
possibility of a direct action of the G-protein in neurons (Lester
and Jahr, 1990; Swartz and Bean, 1992; Chavis et al., 1994; Ikeda
et al., 1995; Choi and Lovinger, 1996).
Metabotropic glutamate receptors (mGluRs) are divided into

three groups based on sequence homology of the cloned receptors
and on group-selective agonists and second messenger pathways
(Nakanishi, 1992, 1994; Nakanishi and Masu, 1994). All three
groups of mGluRs are expressed in SCN cells (van den Pol, 1994;
van den Pol et al., 1995, 1996a). Modulatory interactions between
ionotropic and mGluRs have not been studied in astrocytes.
In this paper, we describe a difference in glutamate sensitivity in

astrocytes derived from SCN and cortex. We investigated how
agonists for specific classes of mGluRs modulated astrocyte re-
sponsiveness to 5HT and to the ionotropic GluR (iGluR) agonist
kainate. We show that mGluR agonists not only acutely enhance
or depress transmitter-elicited calcium rises, but also may induce
a depression in kainate responsiveness that lasts even after the
mGluR agonist is gone. We also demonstrate transmitter-specific
modulatory transduction pathways within astrocytes.
Some of these data have been published previously in abstract

form (Haak et al., 1995).

MATERIALS AND METHODS
Tissue culture
Neonatal (E22–P2) Sprague Dawley rat brains (Simonsen, Gilroy, CA)
were washed three times in ice-cold HEPES-buffered saline solution
(HBSS) (Life Technologies, Grand Island, NY). Coronal slices (525
mM) were prepared using a tissue chopper and washed in ice-cold
HBSS. A polished flat 20 gauge stainless steel needle was used to punch
the SCN (see Fig. 1A) and medial pieces of the neocortex from the
same slice. Individual tissue punches were placed into 0.5 ml thin-
walled microcentrifuge tubes containing 10 ml of cold HBSS and
washed twice with 100 ml of HBSS lacking calcium and magnesium
(HBSS2). Punches were incubated overnight at 48C in 100 ml of HBSS2

containing 0.23 trypsin–EDTA (Life Technologies). After incubation
for 30 min at 378C, trypsin was removed, and 100 ml of warm growth
medium was added. Each punch was triturated gently to create a
single-cell suspension and then was plated on a 22 mm2 poly-D-lysine-
coated glass coverslip in a single well of a 6-well tissue culture plate.
Coverslips had been soaked previously overnight in Cleaning Concen-
trate (Bio-Rad, Richmond, CA), rinsed for 1 hr in deionized water, and
then dried and autoclaved. To increase cell density, dispersed punches
were plated within a 7-mm-diameter glass cloning ring placed on the
coverslip. Two hours after plating, 3 ml of growth medium was added
per well, and rings were removed. Cultures were maintained in a Napco
6100 incubator at 378C and 5% CO2 in growth medium: glutamate- and
glutamine-free MEM (Life Technologies) supplemented with heat-
inactivated 10% bovine calf serum (Hyclone, Logan, UT), 100 U/ml
penicillin/streptomycin (Life Technologies), and 1 mM kynurenate
(RBI, Natick, MA) (Finkbeiner and Stevens, 1988). Growth medium
was replaced weekly. Cells were used after at least 14 d in vitro.

Histology
Verification of SCN cultures. Slices and punches were made as described
above. Chilled slices were fixed overnight at 48C in 4% paraformalde-
hyde and 0.3% glutaraldehyde and then incubated for 20 min with 2
mg/ml propidium iodide (Molecular Probes, Eugene, OR). Staining was
visualized using a Molecular Dynamics Multiprobe 2010 confocal mi-
croscope. Excitation wavelength (Argon/Krypton laser) was 488 nm;
the emission wavelength was attenuated below 590 nm. Laser illumi-
nation was attenuated to 10% maximum intensity by neutral density
filters. An example of a slice from which the SCN was punched out for
culture is seen in Figure 1A.

Immunocytochemistry. Cells growing on coverslips were rinsed once
in 100 mM PBS [containing (in gm/l): 8 NaCl, 0.2 KCl, 1.44 Na2HPO4,
0.24 KH2PO4] and then fixed in ice-cold anhydrous methanol. After
cells were fixed, they were washed with four rinses in PBS and then
stained, following the protocol included in the Vectastain Elite ABC
Kit (Vector Labs, Burlingame, CA). In brief, cells were incubated with
1.5% goat serum diluted in PBS. After 30 min, serum was removed and
primary mouse monoclonal antibody diluted in 1.5% goat serum was
added as follows: microtubule-associated protein (MAP2) (Sigma, St.
Louis, MO) 1:500 dilution, glial fibrillary acidic protein (GFAP) (No-
vocastra/Vector Labs) 1:100 dilution. Cells were incubated with pri-
mary antibody for at least 1–6 hr and then washed with three rinses of
PBS, at which time the secondary goat anti-mouse antibody (ABC Kit)
was added for 30 min. Then cells were washed with three rinses of PBS,
incubated with ABC complex (ABC Kit) for 30 min, and again washed
three times with PBS. Finally, staining was visualized with diaminoben-
zidine intensified with NiCl2, added to the cells for 1–2 min. To stop the
peroxidase reaction, cells were rinsed in PBS.

Calcium digital imaging
Before imaging, cells were incubated for 30 min at 378C with 5 mM fura-2
acetoxymethylester (Molecular Probes) in a HEPES-buffered perfusion
solution (137 mM NaCl, 25 mM glucose, 5 mM KCl, 1 mM MgCl2, 3 mM
CaCl2, 10 mM HEPES, pH 7.4). Cells were then washed, loaded into a 180
ml laminar flow perfusion chamber (Forscher et al., 1987), and perfused
with HEPES buffer at a constant rate of 1 ml/min. For experiments using
zero-calcium HEPES buffer, we omitted CaCl2 from the perfusion solu-
tion and added 1 mM EGTA and a total of 10 mM MgCl2. Perfusion
solutions were applied from reservoirs using individual capillary lines
abutting the laminar flow cell surface. Switching between solutions was
accomplished by opening and closing stopcock valves on individual lines.
Solutions moved uniformly and rapidly across the perfusion chamber,
with complete washout in ;5 sec. All experiments were performed at
room temperature. In the course of these experiments and the prelimi-
nary work leading to them, we tested 9360 SCN astrocytes and 4700
cortical astrocytes from 35 separate sets of cultures, with 8–18 coverslip
cultures per set.
Cells were imaged using a 403 Olympus DApo objective with high

ultraviolet transmittance on a Nikon Diaphot 300 inverted microscope.
Individual cells were tagged with a 5 3 5 pixel square, and 340/380 nm
Ca21 ratio images were captured every 2 sec and recorded using FLUOR
software (Universal Imaging, West Chester, PA) running on a 486 PC.
Switching between 340 and 380 nm wavelengths was accomplished using
a Sutter (Novato, CA) Lambda 10 controller and filter wheel. Excitation
light was provided by a 150 W xenon lamp (Optiquip, Highland Mills,
NY) and was attenuated by 90% to minimize photo bleaching and photo
toxicity and to maximize recording time. Fluorescence emitted by the
cells was passed through a 480 nm filter on the microscope and into a
Hamamatsu 2400 silicon-intensified-target video camera. Between 10 and
40 cells were recorded simultaneously in a single experiment. Ratiometric
fluorescent values collected in this way were converted to Ca21 concen-
trations with the calibration method described by Grynkiewicz et al.
(1985) using fura-2 and calcium standard solutions from Molecular
Probes. Calibrated Ca21 data were analyzed on an Apple Macintosh
computer using IgorPro Software (WaveMetrics, Lake Oswego, OR). In
the figures presented, each trace represents the ratiometric calcium
response of one astrocyte.
Data for histograms representing peak heights were calculated by

subtracting from the peak Ca21 rise an averaged baseline Ca21 level from
the 3 min just before the Ca21 rise. Increases of .60 nM over baseline
were pooled and averaged. Data are from two to five experiments on
different cultures and are presented as the average nanomolar Ca21

rise 6 SEM. To determine statistical significance we used a Student’s t
test, unless mentioned otherwise.
Chemicals. Sodium glutamate and poly-D-lysine hydrobromide

(MW .300,000) were purchased from Sigma; kynurenate, trans-
(6)-1-amino-1,3-cyclopentanedicarboxylate (t-ACPD), L-2-amino-4-
phosphonobutyrate (L-AP4), kainate, quisqualate, serotonin-creatinine
complex, PTx, phorbol 12-myristate 13-acetate (PMA), phorbol 12,13-
dibutyrate (PDBu), and nimodipine from RBI (Natick, MA); and
2S-19S-29S)-2-(carboxycyclopropyl)glycine (L-CCG-I) and (6)-1-(5-
isoquinolinesulfonyl)-2-methylpiperazine (H-7 dihydrochloride) from
Tocris-Cookson (St. Louis, MO).
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RESULTS
Glutamate response differs in SCN and
cortical astrocytes
Glutamate dose–responses
Astrocytes derived from SCN and cortex showed different calcium
responses to glutamate. To determine the dose–response rela-
tions, astrocyte cultures were tested with a range of GluR agonist
concentrations, applied twice for 30 sec each. Each concentration
was tested on at least three cultures. Only cells that responded to
both applications with a calcium rise at least twice that of basal
fluctuations (noise) were counted as responders. Results are ex-
pressed as a percentage of cells responding per total number of
cells tested for each concentration or as the mean change in
cytosolic calcium values. The morphology and GFAP staining
intensity of astrocytes from SCN and cortex appeared similar (Fig.
1B,D). The cultures were primarily astrocytes; immunostaining
with an antibody against the neuronal antigen MAP2 did not
reveal neurons in these cultures (Fig. 1C,E). Although the mor-
phology of the astrocyte cultures looked similar, SCN and cortex
astrocytes showed marked differences in glutamate sensitivity

(Fig. 2A,B, dotted lines). Although only 33% (n5 211) of the SCN
astrocytes responded to 100 mM glutamate, almost all cells (95%,
n 5 151) responded in cortical astrocyte cultures.

Specific GluR agonist dose–responses
Because glutamate stimulates several subtypes of glutamate re-
ceptors, we tested agonists for specific GluR subtypes to deter-
mine whether the reduced responsiveness of SCN cells was a
result of comparatively lowered response at all GluRs. By using
the same dose–response protocol described above for glutamate,
we found that SCN astrocytes were severalfold less sensitive to the
ionotropic GluR agonist kainate (n 5 263) than were cortical
astrocytes. The mGluR agonist t-ACPD rarely evoked calcium
rises in SCN astrocytes (n 5 241), even at doses up to 1 mM (Fig.
2A). In contrast, cortical astrocytes showed dose–responses to
glutamate, kainate (n 5 287), and t-ACPD (n 5 306) that were
very similar to each other (Fig. 2B). Although the response to
individual agonists was different between cortex and SCN, .90%
of the astrocytes from each region responded to some glutamate
receptor agonist.

Figure 1. Immunocytochemistry. A, Confocal image of a pro-
pidium iodide-stained brain slice from a neonatal rat containing
the bilateral SCN. The SCN has been punched out of the right
side for use in tissue culture, and this micrograph shows the
remaining tissue slice. Bar, 50 mm. B, D, GFAP immunoreac-
tivity was found in SCN and cortical astrocytes. C, E, In con-
trast, both cultures were negative for the neuronal marker
MAP2. Bar, 25 mm.
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Modulation of kainate responses by mGluRs
Using doses of kainate to which 50% of the cells responded
(EC50), we investigated the modulation of kainate-evoked calcium
rises by mGluR agonists. Repeated application of kainate evoked
calcium rises with ,15% variation between peaks (Fig. 3A). In
SCN astrocyte cultures, activation of mGluRs inhibited kainate-
evoked calcium rises (Fig. 3B,C). We tested four mGluR agonists:
t-ACPD, which stimulates both type I and II mGluRs; quisqual-
ate, which stimulates both AMPA iGluRs and type I mGluRs;
L-CCG-I, which is fairly specific for type II receptors; and the
specific type III mGluR agonist L-AP4 (Schoepp, 1994; Pin and
Duvoisin, 1995; Roberts, 1995). t-ACPD (500 mM, n 5 71/78,
242.8 6 1.4%; 100 mM, n 5 33/72, 233.3 6 3.1%), quisqualate
(10 mM, n 5 123/145, 258.3 6 2.0%), and L-CCG-I (10 mM, n 5
43/52, 243.7 6 3.1%) inhibited kainate-evoked calcium rises by
the percentages given and in the number (n) of astrocytes indi-
cated. The method used to determine percentage change is de-
scribed in the legend to Figure 3. The type III agonist L-AP4 (10
mM) was effective in only a few cells (n 5 9/53, 240.2 6 5.7%).
In some cases, quisqualate (10 mM, n 5 15/45, 280.6 6 84.4%)

and t-ACPD (100 mM, n 5 15/72, 189.4 6 51.9%) increased the
kainate-evoked calcium rise, consistent with their ability to stim-
ulate more than one glutamate receptor subtype. In cortical glial

cultures, 100 mM t-ACPD induced calcium rises by itself but
decreased the maximal amplitude of the kainate-evoked calcium
rises (n 5 68/68, 274.1 6 1.7%). Thus, the t-ACPD-mediated
depression of the kainate response was greater in cortical than in
SCN astrocytes. Dose–response curves to t-ACPD (Fig. 2) suggest
that SCN and cortical astrocyte cultures contain different popu-
lations of functional mGluR receptors. In addition, AMPA and
quisqualate show a differential ability to evoke calcium rises in
SCN and cortical cultures. In cortex, most astrocytes show calcium
rises in response to AMPA (10 mM, 81.8%, n 5 154) and quis-
qualate (10 mM, 99.0%, n 5 105). Fewer SCN astrocytes showed
calcium rises: 43.9% responded to quisqualate (n 5 82). Even at
100 mM, only 43.7% showed a calcium response to AMPA (n 5
137), whereas .95% of cortical astrocytes responded to 100 mM
AMPA. Taken together, these results suggest that mGluR mod-
ulation in cortical and SCN astrocytes may involve different
mGluR subtypes.

mGluR agonist treatment evokes long-lasting effects
In addition to acute effects, t-ACPD and L-CCG-I evoked a
long-lasting depression of subsequent kainate-evoked calcium
rises in some SCN and cortex astrocytes (Fig. 4A,B) but had little
detectable effect on others (Fig. 4C). Long-lasting depression was
defined as a minimum 15% reduction of kainate-evoked calcium
rise by the mGluR agonist coupled with subsequent kainate-
evoked calcium rises that did not show recovery to pre-mGluR
levels. The post-mGluR kainate rise had to be depressed by within
10% or more of the percentage decrease found during mGluR
application. Long-lasting depression was seen in 33% (20/60) of
SCN astrocytes. L-CCG-I depressed the mean kainate-evoked
cytosolic calcium level by 38.3 6 3.4%, from 707 6 108 to 466 6
76 nM ( p, 0.001; paired t test). Kainate responses 5–20 min after
L-CCG-I was removed remained depressed by 36.9 6 2.3%. In
contrast, astrocytes that did not respond to L-CCG-I in the same
experiments (n 5 40/60) showed little decrease in the amplitude
of kainate responses over the same period (28.7 6 3.9%; p ,
0.001 vs cells showing long-lasting depression; t test). In separate
experiments, we demonstrated that L-CCG-I treatment evoked
long-lasting depression of kainate-evoked calcium rises that ex-
tended beyond 45 min (n 5 12/55, 258.4 6 4.2%). This depres-
sion was significantly different ( p , 0.001; t test) from calcium
rises in astrocytes in the same experiments not showing an initial
depression by L-CCG-I (n 5 43/55).

Signal transduction pathways: G-proteins
To elucidate how mGluR agonists might decrease responsiveness
to kainate, we focused on signal transduction pathways. Because
mGluRs act through G-proteins, we asked which G-proteins were
necessary for inhibition. Cultures were treated overnight with the
Gi/Go protein inhibitor PTx (200 ng /ml). PTx did not block the
inhibitory effects of 10 mM quisqualate (n 5 85), 500 mM t-ACPD
(n 5 48), or 10 mM L-CCG-I (n 5 48), indicating that the
inhibitory actions of these mGluR agonists could not be ac-
counted for solely by action via a Gi/Go protein-coupled receptor
(Fig. 5). Of interest, PTx treatment dramatically increased the
number of cells that showed a calcium rise on application of 500
mM t-ACPD from 0/143 to 56/108 cells, suggesting that there may
be specific signal transduction systems that are constitutively in-
activated or overruled in SCN astrocytes. PTx may block type II
mGluRs and thereby uncover a response to PTx-insensitive type I
mGluRs. In parallel, the inhibitory effects of quisqualate were

Figure 2. GluR agonist dose–response curves in astrocytes. A, B, Dose–
response curves for SCN and cortical astrocytes for glutamate (dotted
lines), kainate, and t-ACPD. The number of cells that showed a repeatable
calcium rise to each concentration tested was plotted, and a curve was fit
to the response using the logistic function (IgorPro). EC50 for glutamate,
kainate, and t-ACPD in cortical astrocytes was ;30 mM. In contrast, the
EC50 to kainate in SCN astrocytes was ;100 mM. t-ACPD and glutamate
evoked a calcium rise in ,50% of SCN astrocytes.
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potentiated by PTx treatment (without PTx, 250.9 6 2.5%; with
PTx, 277.6 6 2.3%; p , 0.001; t test).

Signal transduction pathways: protein kinase C (PKC)
Brief exposure (5–30 sec) to 500 mM t-ACPD or 10 mM L-CCG-I
had no effect on subsequent kainate responses; however, when
cells were pretreated for at least 2–3 min, a significant depression
of subsequent kainate responses was seen. Modulatory pathways
that are limited to membrane components are very rapid (Hille,
1994), so the long time course of the mGluR-kainate depression
indicated that a second messenger pathway was involved. One
possible inhibitory transduction pathway involves PKC. Incuba-
tion with the PKC activators PMA (500 nM, n 5 61, 280.9 6
2.4%) or PDBu (10 mM, n 5 57, 282.8 6 1.2%) depressed
kainate-evoked calcium rises (Fig. 6A–C). The inhibitory effects
of L-CCG-I (n 5 37) and t-ACPD (n 5 68) could be reduced by
30 min pretreatment with the PKC inactivator H-7 (200 mM). A

calcium trace from a representative SCN astrocyte is shown in
Figure 6D1. Before H-7 treatment, t-ACPD depressed the
kainate-mediated calcium rise by 232.9 6 2.4%. H-7 significantly
eliminated the t-ACPD depression of kainate-evoked calcium
rises in 26 of 68 cells (Fig. 6D2) and increased the kainate
response in the presence of t-ACPD by 55.9 6 16.5% ( p , 0.001;
paired t test). These results implicate PKC in the inhibition of
kainate responses by mGluRs.

mGluR agonists modulate VACCs
Part of the calcium rise with kainate stimulation may be attributable
to activation of voltage-gated calcium channels. We next tested the
hypothesis that mGluR agonists inhibited kainate-evoked calcium
rises by blocking a calcium channel. Kainate-evoked calcium re-
sponses disappear when cells are incubated in buffer lacking extra-
cellular calcium (Cornell-Bell et al., 1990). In our experiments,
kainate-evoked calcium responses were mediated in large part by

Figure 3. mGluR–iGluR modulation in astro-
cytes. A, Representative astrocyte showing re-
producible amplitude of kainate-evoked calcium
rises. Kainate (100 mM) was applied at all arrows
for 30 sec. There is no significant difference
between peak heights. Maximum variation be-
tween peaks was ,15%. B, A representative
calcium trace demonstrating the inhibition of
kainate calcium rises in one SCN astrocyte tested
with four mGluR agonists, demonstrating com-
plex modulatory actions in a single astrocyte.
mGluR agonists (500 mM t-ACPD, 10 mM quis-
qualate, 10 mM L-AP4, or 10 mM L-CCG-I) were
applied concurrently (large-ended arrows) with
100 mM kainate, or astrocytes were pretreated for
2–3 min with the mGluR agonist (bars) before
kainate was applied for 30 sec. This particular
cell did not show any apparent long-lasting inhi-
bition by L-CCG-I that was seen in other cells
(see Fig. 4). C, Kainate-evoked calcium rises
were depressed by mGluR agonists in astrocytes.
For each astrocyte, amplitude of kainate-evoked
calcium rises was compared to the calcium rise
evoked by kainate plus mGluR agonist. Differ-
ence in amplitude was normalized by dividing by
the kainate-only amplitude and multiplying by
100 to obtain a percentage change. Only cells
that showed a calcium rise to kainate .60 nM
over basal levels were included in the analysis.
We used a criterion of a 15% change (1 or2) in
calcium rise amplitude as the low cutoff indicat-
ing a modulatory interaction. Negative numbers
indicate an inhibition of the kainate calcium rise
by mGluR agonist. Although both quisqualate
and t-ACPD usually depressed calcium rises, in a
few cases they enhanced kainate calcium rises
(see text). The number of responding cells is
shown below the bars. The flags represent the
SEM.
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VACCs, because evoked rises were inhibited by the L-type VACC
blockers nimodipine or nickel. Nimodipine (1 mM) inhibited by at
least 20% the kainate-evoked calcium rise in 123/146 cells (mean

decrease 63.3 6 1.9%). Nickel (100 mM) showed parallel effects in
84/93 cells (mean decrease 58.9 6 2.3%).
Cell depolarization caused by application of 55 mM potassium

also evoked calcium rises via VACCs. Potassium evoked repeat-
able calcium rises with ,15% variation between peaks (n 5 16)
(Fig. 7A). In SCN astrocyte cultures, nimodipine (1 mM) tran-
siently blocked calcium rises evoked by 55 mM potassium in all
cells tested (n 5 51; pre/post nimodipine, 213.3 6 2.0%; during
nimodipine, 279.1 6 2.2%; p , 0.001; paired t test). Most of the
potassium-evoked calcium rise was blocked by nimodipine; other
calcium channel antagonists were not tested. Calcium rises elic-
ited by potassium were inhibited by the PKC activator PMA (500
nM, n5 14/18,246.06 5.0%) (Fig. 7D) and mGluR agonists (Fig.
7B). Quisqualate (10 mM) evoked long-lasting calcium rises, con-
sistent with its ability to stimulate type I mGluRs. Quisqualate
reduced the amplitude of potassium-evoked calcium rises in 44 of
47 cells (Fig. 7C1). t-ACPD (500 mM, n 5 42/58, 242.9 6 2.5%),
and L-CCG-I (10 mM, n 5 42/58, 234.8 6 1.8%) (Fig. 7C)
inhibited potassium-evoked calcium rises. Furthermore, both
t-ACPD and L-CCG-I (Fig. 7C3) generated a long-lasting depres-
sion of subsequent potassium-evoked calcium rises to an ampli-
tude (t-ACPD: 240.5 6 3.7% from 258.0 6 33.0 nM to 154.7 6
22.48 nM, p , 0.001, paired t test; L-CCG-I: 232.0 6 4.4% from
211.3 6 43.5 nM to 139.8 6 26.8 nM, p , 0.01, paired t test) and
percentage (t-ACPD: 30.3% of cells; L-CCG-I: 27.6% of cells)
similar to those of the mGluR depression of kainate responses
resulting in long-lasting depression. Together, these data showing
long-lasting effects of t-ACPD and L-CCG-I on kainate- and
potassium-evoked calcium rises suggest that activation of type II
mGluRs depressed kainate-evoked calcium rises by reducing the
conductance of voltage-gated calcium channels.

mGluR-5HT receptor interactions
5HT receptors are found throughout the brain, and high densities
are found in the SCN and cortex. Many 5HT receptors seem to be
G-protein-coupled (Chilmonczyk, 1995; Saxena, 1995; Sleight et al.,
1995). 5HT receptors have been localized in the SCN (Lovenberg et
al., 1993), and 5HT agonists have been shown to modulate glutama-
tergic activity in the circadian system in vivo (Rea et al., 1994;
Srkalovic et al., 1994). To determine which glutamate receptors may
be involved in modulation of 5HT responses, we investigated mGluR
modulation of 5HT actions in SCN astrocytes.

Similar 5HT response in SCN and cortex astrocytes
Unlike the differential responsiveness to glutamate described
above, SCN and cortical astrocytes showed very similar calcium
responsiveness to 5HT (Fig. 8). Almost all SCN (87%, n 5 199)
and cortical (82%, n 5 102) astrocytes showed a calcium rise to 1
mM 5HT. The construction of dose–response curves revealed that
the EC50 was ;100 nM in astrocytes from both areas.

mGluR modulation of 5HT calcium responses
Glutamate and 5HT interacted to produce calcium rises different
from those produced when each transmitter was applied alone
(Fig. 9A). In SCN astrocyte cultures, 100 mM glutamate plus 100
nM 5HT showed synergistic (Fig. 9A1, A2) or additive (Fig. 9A3)
effects in 31% of cells (n 5 128). Synergism between 5HT and
glutamate was found in astrocytes where one of the transmitters
had evoked little calcium rise by itself but greatly amplified the
response to the other transmitter. Similarly, in 31% of cortical
astrocytes there was also an additive effect on calcium levels when
cells were perfused concurrently with 10 mM glutamate and 100 nM

Figure 4. Long-lasting depression. L-CCG-I evokes a long-lasting depres-
sion of kainate-evoked calcium rises in astrocytes; 10 mM L-CCG-I was
applied continuously throughout time indicated by horizontal bar. A, B, In
these SCN astrocytes, kainate calcium rises were depressed by L-CCG-I
and did not recover to levels seen before L-CCG-I was applied. C, In this
astrocyte from the same experiment as A and B, little effect of L-CCG-1
was found. Long-lasting depression was seen in 20/60 SCN astrocytes.
Depressed cells showed a statistically significant difference ( p , 0.001) in
mean calcium rise when compared with all other cells not showing de-
pression and when compared with controls in the absence of L-CCG-1.

Figure 5. Effects of PTx on mGluR-mediated depression of kainate
calcium rises. Overnight treatment of SCN astrocytes with 200 ng /ml PTx
induced little significant effect on the percentage decrease of kainate-
evoked calcium rises mediated by either t-ACPD or L-CCG-I; however,
quisqualate-mediated depression seemed to be enhanced by PTx (*p ,
0.001). Percentage decrease was calculated as described in Figure 3.
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5HT (n 5 84). This additive effect was not attributable to activa-
tion of the kainate-sensitive iGluRs because in SCN (n 5 64) and
cortical (n 5 106) cultures, 100 mM kainate did not show signifi-
cant (.15% difference in peak amplitude) additive effects when
applied with 100 nM 5HT. Kainate seemed to show averaged (Fig.
9B1,B2) or independent (Fig. 9B3) effects when applied with 5HT;
500 mM t-ACPD (Figs. 9C, 10B) inhibited the 5HT-evoked cal-
cium rise in SCN glia (n 5 36/51; 237.9 6 3.9%), indicating a
modulatory role for mGluRs.
5HT evoked repeatable calcium rises in SCN (Fig. 10A) and

cortical astrocytes if an interval of at least 5 min occurred between
applications. If shorter intervals were used, the amplitude of
subsequent responses did not recover fully, resulting in smaller
amplitude calcium rises caused by 5HT receptor desensitization.
For that reason all tests of mGluR modulation of 5HT were
performed at intervals of .5 min. Because the first application of

5HT yielded calcium rise amplitudes with .15% variability, this
initial peak was not included in the analysis. Experiments with
specific mGluR agonists showed that 10 mM quisqualate, which
activates both AMPA iGluRs and type I mGluRs, typically en-
hanced 5HT-evoked calcium rises (n 5 49/97, 81.2 6 9.1%) (Fig.
10B). The type I / II mGluR agonist L-CCG-I (10 mM) could
enhance (n 5 23/130, 83.2 6 2.6%) or inhibit (n 5 49/130,
235.7 6 2.6%) 5HT-mediated calcium rises. Coupled with the
t-ACPD inhibitory effects, these results suggest that GluRs insen-
sitive to kainate are responsible for the additive effect seen be-
tween glutamate and 5HT.
The type III mGluR agonist L-AP4 (10 mM) strongly inhibited

the 5HT-evoked calcium rise in SCN astrocytes (n 5 104/159,
251.4 6 2.6). Cortical glia showed similar effects. Inhibition was
rapid, not requiring extended pretreatment with L-AP4 (Fig. 10C),
and could be blocked completely by overnight incubation with

Figure 6. Stimulation of PKC mimics ef-
fects of mGluR activation in SCN astro-
cytes. A, PDBu (10 mM) applied for 3 min
before 10 mM L-CCG-I pretreatment fur-
ther inhibited 100 mM kainate calcium rise
(arrows) and also evoked a long-lasting de-
pression of subsequent kainate calcium
rises. B1, B2, PDBu mimicked the depres-
sion of kainate calcium rises mediated by
500 mM t-ACPD. PDBu generated a long-
lasting depression of kainate-evoked cal-
cium rises that did not recover to pre-PDBu
levels. C, Both PDBu (10 mM) and PMA
(500 nM) depressed kainate-evoked calcium
rises. Astrocytes were tested with 30 sec
kainate applications, treated with PDBu or
PMA for 3 to 5 min, washed for 30 sec, and
then retested with kainate. Percentage de-
crease was calculated as described in Figure
3. D1, The inhibitory effects of t-ACPD
could be reduced by the PKC inhibitor H-7.
Cells were treated with 200 mM H-7 for 20
min before cells were retested with
t-ACPD. D2, Depression of kainate-evoked
calcium rises by t-ACPD was reversed sig-
nificantly by treatment with H-7 in 26/68
astrocytes (pre-H-7, 232.9 6 2.4%; post
H-7, 55.9 6 16.5; p , 0.001; paired t test).
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PTx (200 ng /ml, n 5 77, 20.1 6 8.8%). This indicated that a
rapid, PTx-sensitive pathway was involved. This is in striking
contrast to the slower PTx-insensitive interaction described above
between mGluRs and kainate.

DISCUSSION
Our results demonstrate that mGluR activation modulates cal-
cium rises evoked by kainate and 5HT in astrocytes. Distinct
mGluR subtypes and second messenger pathways were involved
in mediating modulatory interactions with kainate and 5HT. In
addition, a novel form of long-lasting depression was demon-
strated by the modulation of kainate responses by type I / II
mGluR agonists L-CCG-I and t-ACPD.

Transmitter sensitivity
SCN neurons have been reported to be relatively insensitive to
low concentrations of glutamate (Shibata et al., 1986; Cahill and
Menaker, 1989). Indeed, in SCN slices and cultured cells, Meijer
et al. (1993) found no toxic effects of 1 mM glutamate applied for
30 min. Our results from dose–response analyses of transmitter
action show that SCN astrocytes were significantly less sensitive to
glutamate than were cortical astrocytes, suggesting that SCN
astrocytes mirror the glutamate sensitivity of neurons in the same
area. In contrast, the 5HT sensitivity of astrocytes from SCN and
cortex is similar, suggesting that astrocytes from these brain re-
gions differentially regulate which transmitter receptors they ex-

Figure 7. mGluR activation depresses
potassium-evoked calcium rises. A1, A
representative calcium trace from an SCN
astrocyte showing repeatability of 55 mM
potassium-evoked calcium rises. A2,
Mean potassium-evoked calcium rise
(n 5 16). Difference between peaks was
not statistically significant and did not ex-
ceed 15%. B, t-ACPD (500 mM), quisqual-
ate (10 mM), and L-CCG-I (10 mM) all
depressed calcium rises evoked by depo-
larizing SCN astrocytes with 30 sec pulses
of 55 mM potassium. Percentage change
in evoked calcium rise was calculated as
described in Figure 3. C1, A representa-
tive calcium trace from an SCN astrocyte
showing quisqualate could itself evoke
calcium rises, and it reduced the maximal
response to potassium. C2, A calcium
trace from an SCN astrocyte showing
t-ACPD depressing potassium-evoked
calcium rises (arrows). t-ACPD was ap-
plied for the duration indicated by the
horizontal bar. C3, Application of
L-CCG-I evoked long-lasting depression
of subsequent potassium-evoked calcium
rises in this representative SCN astrocyte.
D, The PKC activator PMA (500 nM)
reduced calcium rises evoked by 55 mM
potassium. The cell shown here exhibited
one of the most dramatic responses to
PMA seen in these cells.
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press, and these differences are detectable in vitro even after
several weeks in culture.

mGluR–iGluR inhibitory interactions
Our findings are the first to demonstrate in astrocytes the modu-
lation of glutamate and 5HT calcium responses by mGluR ago-
nists. Glutamate mGluR–iGluR modulation has been studied in
neurons. Previous studies using patch-clamp techniques in brain
slices and cultured cells have demonstrated an inhibition of kai-
nate actions by mGluR activation in neurons. Schoepp (1994)
suggested that type II mGluR activation could decrease postsyn-
aptic sensitivity to kainate. t-ACPD and the type II-specific
mGluR agonist DCG-IV have been shown to inhibit AMPA/
kainate neural transmission in cortical–striatal cocultures (Tyler
and Lovinger, 1995). Type I and III mGluRs have also been
implicated in depression of excitatory synaptic transmission (Ge-
reau and Conn, 1995; Wan and Cahusac, 1995). Type I agonists
such as t-ACPD and quisqualate are generally thought to exert
their actions by stimulating phosphoinositide hydrolysis, with a
consequent rise in cytoplasmic calcium. Activation of type II and
III mGluRs inhibits cAMP hydrolysis and thus might not be
expected to result in an intracellular calcium rise.
In our experiments in SCN astrocytes, quisqualate sometimes

stimulated an intracellular calcium rise but often evoked no cal-
cium rise. Similar to t-ACPD and L-CCG-I, quisqualate was
effective at inhibiting kainate-evoked calcium rises. This may
indicate that type I and II mGluRs are both involved in mediating
the mGluR–iGluR interaction, or that a novel mGluR is involved.
Alternatively, quisqualate may not be acting on a type I mGluR
but instead may alter a glutamate uptake mechanism (Littman et
al., 1995) or modulate calcium channels through a pathway not
involving phosphoinositide hydrolysis (for review, see Pin and
Duvoisin, 1995). We found that mGluR activation could generate
either a rise or a fall in calcium, depending in part on which brain
region the astrocytes were derived from. Rises in cytoplasmic
calcium may come from intracellular stores in the endoplasmic
reticulum. On the other hand, inhibition of kainate-induced cal-

cium rises indicates an influence of mGluRs on calcium influx
from extracellular space. The differential response in different
cells could be mediated either by different combinations of
mGluRs or from complex interactions between different mGluRs
and their second messenger pathways. In this light, it is interesting
that mRNA for all eight cloned mGluRs is expressed by SCN cells
(Obreitan and van den Pol, 1996; van den Pol et al., 1996a).
In neurons, mGluR agonists may inhibit kainate-induced exci-

totoxicity (Bruno et al., 1994; Pin and Duvoisin, 1995). Synaptic
long-term depression (LTD) may also involve mGluR modulation
of iGluR-evoked calcium influx. Specifically, induction of cerebel-
lar LTD seems to require the coactivation of mGluRs and kai-
nate/AMPA receptors (for review, see Linden, 1994). LTD may
act to protect cells from high levels of glutamate present perisyn-
aptically, or it may act as a kind of gate providing an increased
stimulus threshold. NPY-mediated LTD has been demonstrated
in SCN neurons using calcium imaging and whole-cell recording
(van den Pol et al., 1996b). In the present study, we show for the
first time that t-ACPD and L-CCG-I can elicit a long-lasting
depression of the amplitude of subsequent kainate-evoked cal-
cium rises in SCN astrocytes. Other researchers have shown that
gliotoxins seem to block cerebellar LTD (Winder et al., 1996), and
mice deficient for the astrocyte-specific intermediate filament
GFAP show deficient LTD (Shibuki et al., 1996). Our results
suggest that one mechanism for long-lasting effects may involve
mGluR-mediated depression of astrocyte responses to fast
transmitters.

Second messenger pathways

mGluRs depressed not only kainate-evoked calcium rises but also
high potassium-evoked calcium rises. L-type VACC blockers ni-
modipine and nickel blocked this. Taken together, these results
suggest that mGluR activation depressed kainate-induced calcium
rises by blocking VACCs in astrocytes. Parallel studies in neurons
have reported similar mechanisms (Sayer et al., 1992; Chavis et
al., 1995; Glaum and Miller, 1995; Choi and Lovinger, 1996). It is
also possible that mGluR activation modulates kainate function
by changing ligand binding or gating properties at the kainate-
sensitive receptor.
Depression of kainate calcium rises by mGluR activation could

reflect direct modulation of calcium channels (Swartz, 1993;
Chavis et al., 1994) by a G-protein-coupled receptor kinase
(Diversé-Pierluissi et al., 1996) or by modulation via a slower
pathway involving second messengers (for review, see Anwyl,
1991; Hille, 1992, 1994). The mGluR inhibitory modulation of
5HT we described was rapid, required no pretreatment with the
mGluR agonist L-AP4, and was blocked by PTx. The rapid time
course of inhibition suggests that a membrane-delimited, Gi/Go
protein-coupled pathway may be involved. In contrast, because
PTx did not block the t-ACPD or L-CCG-I inhibitory interaction
with kainate, a Gi/Go protein may not be involved in the mGluR–
iGluR modulatory pathway. Also, astrocytes had to be pretreated
with t-ACPD or L-CCG-I to inhibit kainate calcium rises, sug-
gesting that a slow-acting second messenger pathway was
involved.
The type II mGluR has been shown to couple to its intra-

cellular transduction system via the PTx-sensitive Gi/Go pro-
tein (Tanabe et al., 1992, 1993). Our findings indicate that the
type II mGluR receptor in astrocytes may be coupled with a
different G-protein, perhaps Gq, which is insensitive to PTx but
coupled to the same second messenger pathway as Gi/Go.
Splice variants of mGluRs have been described (Nakanishi and

Figure 8. Dose–response curves for 5HT in SCN and cortical astrocytes.
SCN (n5 199) and cortical (n5 102) astrocytes show similar responses to
5HT. Cultures were tested with a range of duplicate doses of 5HT. Only
astrocytes that showed calcium rises twice that of basal calcium variation
to both 5HT applications were included as responders for that dose. At
least three cultures were tested for each dose. Percentage responders were
calculated as described earlier for glutamate agonist dose–response
curves. Standard error bars are shown on the 5HT dose–response curve in
SCN astrocytes for the following doses: 10 nM, 100 nM, 1 mM, and 10 mM
(four experiments each).
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Masu, 1994) and may be one explanation for this transduction
difference. Another possibility is that L-CCG-I, along with
t-ACPD and quisqualate, activated a type I mGluR and thereby
inhibited kainate-evoked calcium rises.
mGluR-mediated inhibition did not require pretreatment of

cells with quisqualate. This is consistent with work on neurons
by Lester and Jahr (1990), which showed that quisqualate
rapidly and directly inhibited calcium currents through a path-
way not involving second messengers. Taken together, our
results implicate both type I and II mGluRs in the inhibition of
kainate-evoked calcium rises. The mGluRs could be coupled to
the same (Sahara and Westbrook, 1993) or distinct (Ikeda et
al., 1995) calcium channels.
Experiments with PKC activators and inhibitors support the

hypothesis that the mGluR inhibition of the kainate-evoked cal-

cium response involved a second messenger pathway. The PKC
activators PMA and PDBu mimicked the inhibition, and the PKC
inactivator H-7 blocked the effects of t-ACPD. Although its sub-
strate is not known in our system, PKC has been shown to inhibit
coupling between Gq proteins and downstream second messen-
gers (Willars et al., 1996). It is also possible that PKC acts to
modify an astrocyte VACC or phosphorylates some other protein
that facilitates VACC action. PKC has been shown to modulate
transmitter inhibition of VACCs in neurons (Rich et al., 1984;
Swartz, 1993; Swartz et al., 1993), and our results suggest that
PKC activators may act to inhibit astrocyte VACCs.

Functional considerations
Our data demonstrate that mGluRs can exert a profound effect on
kainate- and 5HT-evoked changes in cytosolic calcium in astro-

Figure 9. Glutamate-5HT interactions. A,
Glutamate (100 mM) and 5HT (10 mM)
showed additive or synergistic interactions
in SCN (shown) and cortical astrocytes.
Calcium traces are shown from three rep-
resentative cells from the same experiment.
In all three cells, the 5HT 1 glutamate
calcium rise is larger than the calcium rise
evoked by either 5HT or glutamate alone.
A1 and A2 show examples of synergy,
whereas the cell in A3 shows an example of
an additive interaction. B, Kainate (100 mM)
showed no additive interaction with 5HT
(10 mM). B1 and B2 show interactions in two
astrocytes in which the combined applica-
tion of 5HT and kainate seems to yield an
averaged calcium response. B3 shows a cell
in which kainate and 5HT calcium effects
seem to be independent. C1, t-ACPD (500
mM), although not evoking a calcium rise
alone, completely blocked the 5HT-evoked
calcium rise in this astrocyte. C2, A cell
from the same experiment showed no effect
of t-ACPD on 5HT-evoked calcium
responses.

1834 J. Neurosci., March 1, 1997, 17(5):1825–1837 Haak et al. • mGluR Modulation of Astrocytes



cytes. This could have a number of physiological ramifications.
Long-distance communication between astrocytes, found in the
SCN (van den Pol et al., 1992) and elsewhere in the brain
(Cornell-Bell et al., 1990), could be altered in terms of both the
spatial spread of a calcium wave and the probability of the
initiation of calcium waves. 5HT may be more likely than gluta-
mate to initiate a calcium wave in SCN astrocytes, whereas cor-
tical astrocytes may show a greater relative sensitivity to gluta-
mate. One might also consider transmitter signaling in astrocytes
in a spatial context. Steady-state levels of glutamate, for instance,
could activate mGluRs that might then act to modulate the
responses to glutamate or other transmitters rapidly and dis-
cretely released at high concentrations from specific axonal
terminals.
The complex modulation of astrocyte calcium levels by mGluRs

could play a significant role in intercellular signaling. Increases in
glial calcium could result in the opening of calcium-activated
potassium channels (Quandt and MacVicar, 1986; Barres et al.,

1988; MacVicar et al., 1988), leading to potassium release and
increased excitability in nearby neurons. Rises in astrocyte cal-
cium could also increase phospholipase A2. The resulting increase
in arachidonic acid would reduce glutamate uptake, resulting in
an increased extracellular glutamate level that would alter neuro-
nal activity (Axelrod et al., 1988; Barbour et al., 1989; Marin et al.,
1991). In the SCN, as in many other areas of the brain, astrocytes
can surround axodendritic contacts (van den Pol et al., 1992). The
rapid movement of extracellular calcium into an astrocyte from
the extracellular space between neuron and astrocyte might alter
calcium-dependent transmitter release from an axonal bouton
that the astrocyte surrounds.
Glutamate is the primary excitatory transmitter of the cortex.

It is the transmitter released by optic nerve axons in the SCN
that play an important role in phase-shifting the circadian
clock. We demonstrate several novel aspects of mGluR mod-
ulation in astrocytes. These reveal a level of complexity of
transmitter interactions, not only between different transmit-

Figure 10. mGluR-5HT interactions. SCN
and cortex astrocytes showed similar inter-
actions between mGluR agonists and 5HT-
evoked calcium rises. A, 5HT evoked re-
peatable calcium rises in SCN (shown) and
cortex astrocytes. Here a typical control
astrocyte is shown that responds to re-
peated applications of 5HT with similar
amplitude calcium rises. B, Quisqualate (10
mM), L-AP4 (10 mM), and L-CCG-I (10 mM)
were applied with 5HT (100 nM), and the
resultant calcium rise amplitude was com-
pared with the rise evoked by 5HT alone.
Percentage change in calcium rise was cal-
culated as described in Figure 3. Negative
values indicate depression, and positive val-
ues indicate enhancement of the 5HT-
evoked calcium rise. Unlike the mGluR–
iGluR interaction, quisqualate generally
enhanced 5HT calcium rises, L-CCG-I
showed mixed results, and L-AP4 showed a
very strong and consistent PTx-sensitive de-
pression of 5HT-evoked calcium rises. This
indicated that different mGluR subtypes
can independently and oppositely modulate
5HT-evoked calcium rises. C1, L-AP4 (10
mM) showed rapid and repeatable depres-
sion of a 5HT-evoked sustained calcium
rise. C2, L-AP4 effects were blocked by
overnight application of PTx (200 ng /ml).
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ters but even in the response of different receptors for the same
transmitter. mGluRs, acting on astrocytes, may play a pivotal
role in setting the gain for the response of these cells to
transmitters, dependent on both spatially and temporally rele-
vant cues. The long-lasting effect of brief exposure of astrocytes
to specific mGluR agonists suggests that they may serve as a
temporal integrator recording and integrating transmitter acti-
vation over a considerable period of time.
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Gerber U, Gähwiler BH (1994) Modulation of potassium conductances
by metabotropic glutamate receptors in the hippocampus. Renal Physiol
Biochem 17:129–131.

Gereau RW, Conn PJ (1995) Multiple presynaptic metabotropic gluta-
mate receptors modulate excitatory and inhibitory synaptic transmission
in hippocampal area CA1. J Neurosci 15:6879–6889.

Glaum SR, Miller RJ (1993) Activation of metabotropic glutamate re-
ceptors produces reciprocal regulation of ionotropic glutamate and
GABA responses in the nucleus of the tractus solitarius of the rat.
J Neurosci 13:1636–1641.

Glaum SR, Miller RJ (1995) Presynaptic metabotropic glutamate recep-
tors modulate omega-conotoxin-GVIA-insensitive calcium channels in
the rat medulla. Neuropharmacology 34:953–964.

Gorman AM, Grieve A, Griffiths R (1995) Modulation by ionotropic
excitatory amino acids and potassium of (6)-1-aminocyclopentane-
trans-1,3-dicarboxylic acid-stimulated phosphoinositide hydrolysis in
mouse cerebellar granule cells. J Neurochem 65:2473–2483.

Grynkiewicz G, Poenie M, Tsien RY (1985) A new generation of Ca21

indicators with greatly improved fluorescence properties. J Biol Chem
260:3440–3450.

Haak LL, Heller HC, van den Pol AN (1995) Synergistic modulation of
calcium by glutamate and serotonin in suprachiasmatic nucleus glia. Soc
Neurosci Abstr 21:450.

Hille B (1992) G protein-coupled mechanisms and nervous signaling.
Neuron 9:187–195.

Hille B (1994) Modulation of ion channel function by G-protein-coupled
receptors. Trends Neurosci 17:531–536.

Horner HC, Packan DR, Sapolsky RM (1990) Glucocorticoids inhibit
glucose transport in cultured hippocampal neurons and glia. Neuroen-
docrinology 52:57–64.

Hösli E, Hösli L (1993) Receptors for neurotransmitters on astrocytes in
the mammalian central nervous system. Prog Neurobiol 40:477–506.

Ikeda SR, Lovinger DM, McCool BA, Lewis DL (1995) Heterologous
expression of metabotropic glutamate receptors in adult rat sympathetic
neurons: subtype-specific coupling to ion channels. Neuron
14:1029–1038.

LaMantia A-S (1995) The usual suspects: GABA and glutamate may
regulate proliferation in the neocortex. Neuron 15:1223–1225.

Lavialle M, Serviere J (1993) Circadian fluctuations in GFAP distribu-
tion in the Syrian hamster suprachiasmatic nucleus. NeuroReport
4:1243–1246.

Lavialle M, Servière J (1995) Developmental study in the circadian clock
of the golden hamster: a putative role of astrocytes. Dev Brain Res
86:275–282.

Lester RAJ, Jahr CE (1990) Quisqualate receptor-mediated depression
of calcium currents in hippocampal neurons. Neuron 4:741–749.

Linden DJ (1994) Long-term synaptic depression in the mammalian
brain. Neuron 12:457–472.

Littman L, Chase LA, Renzi M, Garlin AB, Koerner JF, Johnson RL,
Robinson MB (1995) Effects of quisqualic acid analogs on metabo-
tropic glutamate receptors coupled to phosphoinositide hydrolysis in rat
hippocampus. Neuropharmacology 34:829–841.

Lovenberg TW, Baron BM, de Lecea L, Miller JD, Prosser RA, Rea MA,
Foye PE, Racke M, Slone AL, Siegel BW, Danielson PE, Sutcliffe JG,
Erlander MG (1993) A novel adenylyl cyclase-activating serotonin re-
ceptor (5HT7) implicated in the regulation of mammalian circadian
rhythms. Neuron 11:449–458.

MacVicar BA, Baker K, Crichton SA (1988) Kainic acid evokes a potas-
sium efflux from astrocytes. Neuroscience 25:721–725.

Marin P, Delumeau JC, Tence M, Cordier J, Glowinski J, Premont J
(1991) Somatostatin potentiates the alpha 1-adrenergic activation of
phospholipase C in striatal astrocytes through a mechanism involving
arachidonic acid and glutamate. Proc Natl Acad Sci USA 88:9016–9020.

McCarthy KD, Salm AK (1991) Pharmacologically distinct subsets of
astroglia can be identified by their calcium response to neuroligands.
Neuroscience 41:325–333.

Meijer JH, Albus H, Wiedema F, Ravesloot J-H (1993) The effects of
glutamate on membrane potential and discharge rate of suprachias-
matic neurons. Brain Res 603:284–288.

Murphy S, Pearce B (1987) Functional receptors for neurotransmitters
on astroglial cells. Neuroscience 22:381–394.

Nakanishi S (1992) Molecular diversity of glutamate receptors and im-
plications for brain function. Science 258:597–603.

Nakanishi S (1994) Metabotropic glutamate receptors: synaptic transmis-
sion, modulation, and plasticity. Neuron 13:1031–1037.

Nakanishi S, Masu M (1994) Molecular diversity and functions of gluta-
mate receptors. Annu Rev Biophys Biomol Struct 23:319–348.

Nedergaard M (1994) Direct signaling from astrocytes to neurons in
cultures of mammalian brain cells. Science 263:1768–1771.

Obrietan K, van den Pol AN (1996) Neuropeptide Y depresses GABA-
mediated calcium transients in developing suprachiasmatic nucleus neu-

1836 J. Neurosci., March 1, 1997, 17(5):1825–1837 Haak et al. • mGluR Modulation of Astrocytes



rons: a novel form of calcium long-term depression. J Neurosci
16:3521–3533.

Obrietan K, Belousov AB, Heller HC, van den Pol AN (1995) Adenosine
pre- and postsynaptic modulation of glutamate-dependent calcium ac-
tivity in hypothalamic neurons. J Neurophysiol 74:1–13.

Papadopoulos M, Haak LL, Hill L, van den Pol AN, Giffard RG (1996)
Acidosis alone and acidic oxygen-substrate deprivation injury of primary
astrocyte cultures involve the sodium/bicarbonate cotransporter. Soc
Neurosci Abstr 22:3.

Parpura V, Basarsky TA, Liu F, Jeftinija K, Jeftinija S, Haydon PG (1994)
Glutamate-mediated astrocyte-neuron signalling. Nature 369:744–747.

Pin J-P, Duvoisin R (1995) The metabotropic glutamate receptors: struc-
ture and functions. Neuropharmacology 34:1–26.

Prosser RA, Edgar DM, Heller HC, Miller JD (1994a) A possible glial
role in the mammalian circadian clock. Brain Res 643:296–301.

Quandt FN, MacVicar BA (1986) Calcium activated potassium channels
in cultured astrocytes. Neuroscience 19:29–41.

Rea MA, Glass JD, Colwell CS (1994) Serotonin modulates photic re-
sponses in the hamster suprachiasmatic nuclei. J Neurosci
14:3635–3642.

Rich KA, Codina J, Floyd G, Sekura R, Hildebrandt JD, Iyengar R (1984)
Glucagon-induced heterologous desensitization of the MDCK cell ad-
enylyl cyclase. J Biol Chem 259:7893–7901.

Roberts PJ (1995) Pharmacological tools for the investigation of metabo-
tropic glutamate receptors (mGluRs): phenylglycine derivatives and
other selective antagonists. Neuropharmacology 34:813–819.

Sahara Y, Westbrook GL (1993) Modulation of calcium currents by a
metabotropic glutamate receptor involves fast and slow kinetic compo-
nents in cultured hippocampal neurons. J Neurosci 13:3041–3050.

Saxena PR (1995) Serotonin receptors: subtypes, functional responses,
and therapeutic relevance. Pharmacol Ther 66:339–368.

Sayer RJ, Schwindt PC, Crill WE (1992) Metabotropic glutamate
receptor-mediated suppression of L-type calcium current in acutely
isolated neocortical neurons. J Neurophysiol 68:833–842.

Schoepp DD (1994) Novel functions for subtypes of metabotropic gluta-
mate receptors. Neurochem Int 24:439–449.

Shao Y, McCarthy KD (1994) Plasticity of astrocytes. Glia 11:147–155.
Shibata S, Liou SY, Ueki S (1986) Influence of excitatory amino acid
receptor antagonists and of baclofen on synaptic transmission in the
optic nerve to the suprachiasmatic nucleus in slices of rat hypothalamus.
Neuropharmacology 25:403–409.

Shibuki K, Gomi H, Chen L, Bao S, Kim JJ, Wakatsuki H, Fujisaki T,
Fujimoto K, Chen C, Thompsen RF, Itohara S (1996) Deficient cere-
bellar long-term depression, impaired eyeblink conditioning, and nor-
mal motor coordination in GFAP mutant mice. Neuron 16:587–599.

Sleight AJ, Boess FG, Bourson A, Sibley DR, Monsma FJ (1995) 5HT6
and 5HT7 serotonin receptors: molecular biology and pharmacology.
Neurotransmissions 9:1–5.

Sontheimer H (1994) Voltage-dependent ion channels in glial cells. Glia
11:156–172.

Srkalovic G, Selim M, Rea MA, Glass JD (1994) Serotonergic inhibition
of extracellular glutamate in the suprachiasmatic nuclear region as-
sessed using in vivo brain microdialysis. Brain Res 656:302–308.

Swartz KJ (1993) Modulation of Ca21 channels by protein kinase C in rat
central and peripheral neurons: disruption of G protein-mediated inhi-
bition. Neuron 11:305–320.

Swartz KJ, Bean BP (1992) Inhibition of calcium currents in rat CA3
pyramidal neurons by a metabotropic glutamate receptor. J Neurosci
12:4358–4371.

Swartz KJ, Merritt A, Bean BP, Lovinger DM (1993) Protein kinase C
modulates glutamate receptor inhibition of Ca21 channels and synaptic
transmission. Science 361:165–167.

Tanabe Y, Masu M, Ishii T, Shigemoto R, Nakanishi S (1992) A family
of metabotropic glutamate receptors. Neuron 8:169–179.

Tanabe Y, Nomura A, Masu M, Shigemoto R, Mizuno N, Nakanishi S
(1993) Signal transduction, pharmacological properties, and expression
patterns of two rat metabotropic glutamate receptors, mGluR3 and
mGluR4. J Neurosci 13:1372–1378.

Tombaugh GC, Sapolsky RM (1990) Mechanistic distinctions between
excitotoxic and acidotic damage in an in vitro model of ischemia.
J Cereb Blood Flow Metab 10:527–535.

Tyler EC, Lovinger DM (1995) Metabotropic glutamate receptor modu-
lation of synaptic transmission in corticostriatal co-cultures: role of
calcium influx. Neuropharmacology 34:939–952.

van den Pol AN (1994) Metabotropic glutamate receptor mGluR1 dis-
tribution and ultrastructural localization in hypothalamus. J Comp
Neurol 349:615–632.

van den Pol AN, Dudek FE (1993) Cellular communication in the circa-
dian clock, the suprachiasmatic nucleus. Neuroscience 56:793–811.

van den Pol AN, Finkbeiner SM, Cornell-Bell AH (1992) Calcium excit-
ability and oscillations in suprachiasmatic nucleus neurons and glia in
vitro. J Neurosci 12:2648–2664.

van den Pol AN, Romano C, Ghosh P (1995) Metabotropic glutamate
receptor mGluR5: subcellular distribution and developmental expres-
sion in hypothalamus. J Comp Neurol 362:134–150.

van den Pol AN, Ghosh PK, Baskaran N (1996a) Metabotropic gluta-
mate receptor mRNA, including mGluR6 and new splice variants of
mGluR7, are expressed and developmentally regulated in SCN. Soc
Neurosci Abstr 22:1142.

van den Pol AN, Obrietan K, Chen G, Belousov A (1996b) Neuropeptide-
mediated long-term depression of excitatory activity in suprachiasmatic
nucleus neurons. J Neurosci 16:5883–5895.

Virgin CE, Ha TP-T, Packan DR, Tombaugh GC, Yang SH, Horner HC,
Sapolsky RM (1991) Glucocorticoids inhibit glucose transport and glu-
tamate uptake in hippocampal astrocytes: implications for glucocorti-
coid neurotoxicity. J Neurochem 57:1422–1428.

Wan H, Cahusac PMB (1995) The effects of L-AP4 and L-serine-O-
phosphate on inhibition in primary somatosensory cortex of the adult
rat in vivo. Neuropharmacology 34:1053–1062.

Whitaker-Azmitia PM, Clarke C, Azmitia EC (1993) Localization of
5HT1A receptors to astroglial cells in adult rats: implications for
neuronal-glial interactions and psychoactive drug mechanism of action.
Synapse 14:201–205.

Willars GP, Challiss RAJ, Stuart JA, Nahorski SR (1996) Contrasting
effects of phorbol ester and agonist-mediated activation of protein
kinase C on phosphoinositide and Ca21 signalling in a human neuro-
blastoma. Biochem J 316:905–913.

Winder DG, Ritch PS, Gereau RW, Conn PJ (1996) Novel glial-neuronal
signalling by coactivation of metabotropic glutamate and b-adrenergic
receptors in rat hippocampus. J Physiol (Lond) 494:743–755.

Haak et al. • mGluR Modulation of Astrocytes J. Neurosci., March 1, 1997, 17(5):1825–1837 1837


