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ABSTRACT  Inslices of adult rat cerebellum inositolphos-
pholipid turnover is stimulated markedly by glutamate and its
rigid analogues quisqualate and ibotenate. The drug and amino
acid specificity of the response reflects a quisqualate-preferring
excitatory amino acid receptor. The absence of glutamate-
enhanced inositolphospholipid turnover in mice with Purkinje-
cell degeneration indicates that the inositolphospholipid-linked
quisqualate receptor mediates parallel fiber~Purkinje cell syn-
aptic transmission. The quantitative prominence of this syn-
apse accounts for the massive enrichment of elements of the
inositolphospholipid system in cerebellar Purkinje cells.

The inositolphospholipid (‘‘phosphoinositide’’) (PI) cycle
signal-transduction mechanism involves phospholipase C-
catalyzed hydrolysis of phosphatidylinositol 4,5-bisphos-
phate, forming inositol 1,4,5-trisphosphate (InsP3) and 1,2-
diacylglycerol. InsP; mobilizes calcium from intracellular
stores, whereas diacylglycerol activates protein kinase C (1).
The components of this cycle are extraordinarily enriched in
the Purkinje cells of the cerebellum. [*H]InsP; autoradiog-
raphy reveals densities of InsP; receptors hundreds of times
greater than in peripheral tissues (2, 3). Protein kinase C (2)
as well as certain phospholipase C isozymes (4) and their
mRNAs (5) are similarly enriched in Purkinje cells. Cellular
systems related to calcium, which may be associated with
InsP; actions, are prominent in Purkinje cells, including at
least two types of calcium-dependent dendritic membrane
potentials (6), a Ca%*-ATPase (7), and three types of calcium-
binding proteins—calbindin-Dygk, parvalbumin, and calmod-
ulin (8).

Reasons for the concentration of PI cycle elements in
Purkinje cells have not been apparent. They may mediate the
synaptic activity of inputs to the Purkinje cells. The principal
inhibitory synaptic inputs to Purkinje cells are from basket
and stellate cells, whose release of y-aminobutyric acid
(GABA) opens chloride channels. The two excitatory inputs
are the climbing fibers, emanating from the inferior olives of
the brainstem, and the parallel fibers, which derive from
cerebellar granule cells. The putative transmitter of the
climbing fibers, L-aspartate, enhances calcium permeability
via ionotropic receptors (8). L-Glutamate appears to be the
transmitter of the parallel fibers (9).

To ascertain which synaptic system accounts for the en-
richment of PI-cycle elements within Purkinje cell dendrites,
we examined the influence of exogenously applied neuro-
transmitters and neuromodulators upon PI metabolism in
rodent cerebellar slices in vitro. We present evidence that
parallel fiber—Purkinje cell synaptic transmission involves a
quisqualate-preferring receptor coupled to PI hydrolysis.
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MATERIALS AND METHODS

Estimation of Inositolphospholipid Metabolism. Male
Sprague-Dawley rats (150-200 g) were sacrificed by decap-
itation; their brains were removed and dissected over ice.
Cross-chopped cerebral cortical or cerebellar slices (350 X
350 nm) were prepared with a Mcllwain tissue chopper and
dispersed in 50 ml of prewarmed Krebs-bicarbonate buffer
(118 mM NaCl/4.7 mM KCl/1.3 mM CaCl,/1.2 mM
KH,P0,4/1.2 mM MgS0,/25 mM NaHCO;/11.7 mM glu-
cose) equilibrated to pH 7.4 with 5% CO,/95% O, (vol/vol).
The slices were preincubated at 37°C in a shaking waterbath
for 1 hr, during which the buffer was changed twice.

Olivocerebellar projections of some male Sprague-Dawley
rats (150-175 g) were lesioned by i.p. injection of 3-acetyl-
pyridine (Sigma) (10). Age-matched controls, injected with
saline, were maintained under identical conditions. Rats were
sacrificed 14 days after injection, the cerebella were re-
moved, and slices were prepared as described above.

Male Purkinje cell degeneration mice (pcd/pcd, CSTBR/6J
strain) and phenotypically normal littermates (pcd/+) used
as controls were purchased from The Jackson Laboratory.
The mice were sacrificed by cervical dislocation 35-40 days
after birth. Cerebella were removed, and slices were pre-
pared as described.

PI turnover was estimated by measuring the accumulation
of [*Hlinositol phosphates ([*H]InsP,) in the presence of Li*,
which inhibits the enzymatic conversion of inositol-1-phos-
phate to myo-inositol (11). After the preincubation period, 60
wml of gravity-packed tissue slices were transferred to mini-
vials containing 0.3 uM myo-[2-3Hlinositol (NEN/DuPont;
specific activity = 17 Ci/mmol; 1 Ci = 37 GBq) and 5 mM
LiCl in 250 ul of oxygenated Krebs-bicarbonate buffer. The
vials were gassed with 5% C0,/95% O,, capped, and agitated
in a shaking waterbath at 37°C for 30 min. Agonists were then
added in 10-ul aliquots, the vials were again gassed, and the
incubation was continued for another 45 min. Antagonists
were added 10 min before the agonists. Similar results were
obtained in preliminary experiments when the tissue slices
were washed free of [*Hlinositol before adding agonists. The
reaction was terminated by adding 940 ul of ice-cold CHCl;/
methanol (1:2, vol/vol), and the suspension was mixed
thoroughly. After further addition of 0.3 ml of CHCl; and 0.3
ml of H,O 20 min later, the samples were centrifuged at 1000
X g for 5 min (Sorvall model RC3) to facilitate phase
separation. The aqueous phase was removed for assay of
[*H]InsP,, and 0.2-ml aliquots of the lower organic phase
were removed to monitor the incorporation of [*Hlinositol
into the phospholipids.

Abbreviations: LTD, long-term depression; PI, inositolphospholipid
(‘‘phosphoinositide’’); InsP,, inositol phosphates; InsP;, inositol
1,4,5-trisphosphate; NMDA, N-methyl-p-aspartate.
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[*H]InsP, was assayed essentially as described by Berridge
et al. (11). Aliquots of the aqueous phase (0.75 ml) were
diluted to 3 ml with H,O and applied to columns containing
0.25 g of Dowex AG1-X8 resin (200—-400 mesh) in the formate
form. After four washes with 3 ml of 5 mM myo-inositol/0.1
M formic acid, the bound [*H]InsP, was ‘‘batch’’ eluted with
3 ml of 1.0 M ammonium formate/0.1 M formic acid. Radio-
activity was determined by liquid scintillation spectrometry
after the addition of 16 ml of the aqueous counting mixture
Formula-963 (NEN/DuPont) to the collected fractions. Pro-
teins were measured with bovine serum albumin as the
standard (12).

Chemicals. Quisqualate (synthetic), 3-hydroxy-2-quinox-
alic acid, kainate, 6,7-dichloro-3-hydroxy-2-quinoxalic acid,
and 6,7-dinitroquinoxaline-2,3-dione (DNQX) were obtained
from Cambridge Research Biochemicals (Valley Stream,
NY). Cerebellin, angiotensin II, corticotropin-releasing fac-
tor, and sulfated cholecystokinin octapeptide were pur-
chased from Peninsula Laboratories. Neurotoxin NSTX-3
was from the Peptide Institute (Osaka, Japan), and N-
acetylaspartylglutamate was provided by Joseph Coyle
(Johns Hopkins University School of Medicine, Baltimore).
All other chemicals were purchased from Sigma.

RESULTS

Agonist-Stimulated PI Metabolism. Cerebellar PI turnover
was estimated by measuring [*HlInsP, accumulation in
[*Hlinositol-labeled, Li*-treated rat cerebellar slices after
treatment with putative neuromodulators (Fig. 1, Table 1).
The greatest enhancement of [*H]InsP, accumulation is elic-
ited by excitatory amino acids in a dose-dependent and
saturable manner. Glutamate produces a maximal 150%
augmentation of [*H]InsP, formation, with an apparent ECs,
of 300 M, whereas aspartate is active but less potent.
Quisqualate is the most potent agent examined (ECso = 10
uM) with a maximal stimulation of [*H]InsP, formation
similar to that elicited by glutamate. Ibotenate is similar in
potency and efficacy to glutamate, whereas kainate is less
potent and substantially less efficacious, increasing [*H]-
InsP, accumulation <35%, even at a concentration of 1 mM.
Whether kainate acts directly or by releasing endogenous
glutamate (13) is not clear. N-Methyl-D-aspartate (NMDA) is
inactive at concentrations up to 1 mM, as is N-acetylaspar-
tylglutamate, a dipeptide thought to mediate excitatory trans-
mission at certain synapses (14). The rank order of potencies
is quisqualate > ibotenate, glutamate > aspartate > kainate
> NMDA.
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FiG. 1. Dose-response curves of [*H]InsP, accumulation in rat
cerebellar slices stimulated by quisqualate (O), ibotenate (@), gluta-
mate (O), aspartate (a), kainate (»), and NMDA (w). Results are
means of three independent experiments each done in triplicate and
are expressed as percentage stimulation above basal values. SEM is
<10% of the mean for each data point.
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Table 1. Effects of nonexcitatory amino acid receptor agonists
and other agents at stimulating inositolphospholipid hydrolysis
in rat cerebellar slices

InsP, stimulation,

Agent % above basal
Receptor agonists
Angiotensin II (10 uM) <20
Apomorphine (300 uM) <20
Baclofen (300 uM) <20
B-Alanine (3 mM) <20
Carbamoylcholine (1 mM) 45+ 17
Cerebellin (10 uM) <20
2-Chloroadenosine (500 uM) <20
Cholecystokinin (3 uM) <20
Corticotropin-releasing factor (2 uM) <20
Diazepam (100 uM) <20
a-Aminobutyric acid (3 mM) <20
Glycine 3 mM) <20
Histamine (1 mM) <20
Isoproterenol (3 mM) <20
Norepinephrine (100 uM) 37+ 7
Serotonin (1 mM) 63 + 16
Taurine (1 mM) <20
Thromboxane B, (100 uM) <20
Other agents
A23187 <20
Monensin (1 uM) 51+19
Veratridine (30 uM) 43+ 8

In cases where [*H]InsP, stimulation was <20%, cerebellar slices
were exposed to at least four different concentrations of the agents,
with the maximal concentration examined indicated in parentheses.
The usual reponses to quisqualate were observed in all experiments.
Other values are means = SEM of at least three determinations.

Of numerous other neurotransmitters and related agents
examined, only a few stimulate [*H]InsP, accumulation in
cerebellar slices (Table 1). Norepinephrine (100 uM) pro-
duces a maximal 37% augmentation of [*H]InsP, formation.
This may reflect the noradrenergic projection to the cerebel-
lum from the locus ceruleus, which is also thought to activate
adenylate cyclase (9). Serotonin (1 mM) produces a 63%
increase, which may stem from raphe-cell input to the
cerebellum. Carbamoylcholine enhances [*H]InsP, accumu-
lation 45%, which is much smaller than its effect in the
cerebral cortex (Table 2).

The depolarizing drug veratridine (30 uM) stimulates PI
hydrolysis 43%, an effect antagonized by the sodium channel
blocker tetrodotoxin (2 uM). Tetrodotoxin (2 M) itself has
no effect on either basal or quisqualate-stimulated [*H]InsP,
accumulation. The calcium ionophore A23187 (10 uM) elicits
<20% increase in PI metabolism. Taken together, these data
suggest that the robust quisqualate-induced increase in PI

Table 2. Comparison of agonist-stimulated inositolphospholipid
hydrolysis in tissue slices from rat cerebral cortex and cerebellum

[*HlInsP,, % above basal

Agonist Cerebral cortex Cerebellum
Carbamoylcholine 314 = 26 (10) 45+ 7@
NMDA 12+ 2 (2 2+ 6(4)
Kainate 13+ 4 (2 34 +10(3)
L-Aspartate 2+ 5 Q) 66 = 3(3)
L-Glutamate 13+ 3 (2) 87 £ 12(3)
Ibotenate 52+ 2 (3 127 £ 19 (3)
Quisqualate 33+ 2 (2 151 £ 11 (3)

All agonists were used at a concentration of 500 uM except for
carbamoylcholine (1 mM). Values are means + SEM of (n) deter-
minations each done in triplicate. Basal formation of [*H]InsP, was
654 *+ 44 cpm/mg of protein for cortical slices and 750 = 34 cpm/mg
of protein for cerebellar slices.



4318 Neurobiology: Blackstone et al.

turnover is not secondary to the release of other neurotrans-
mitters, calcium influx through voltage-gated channels acti-
vated by depolarization, or calcium influx due to the reverse
operation of a Na*—Ca?* membrane transport exchanger.

We sought to determine which of the four characterized
subtypes of excitatory amino acid receptors mediates gluta-
mate effects on cerebellar PI turnover. The NMDA receptor
is characterized by high conductance, voltage-dependent
Mg?* blockage, and permeability to both calcium and sodium
ions (15). Both kainate and quisqualate receptors involve
lower conductance and permeability to sodium ions (16, 17).
A fourth subtype of excitatory amino acid receptor, which
prefers quisqualate, has recently been associated with en-
hanced PI hydrolysis (18). The failure of NMDA to influence
cerebellar PI metabolism argues against a role for the NMDA
subtype. Additionally, removal of Mg?* (1.2 mM) from the
incubation medium has no effect on the PI hydrolysis elicited
by 100 uM quisqualate or 1 mM NMDA (data not shown); nor
does the NMDA antagonist D-a-aminoadipate (3 mM), which
blocks the stimulation of cGMP by NMDA in mouse cere-
bellar slices (13), have any effect. We also examined antag-
onists of the ionotropic non-NMDA receptors. These agents,
including glutamate diethyl ester (3 mM), kynurenate (3 mM),
neurotoxin NSTX-3 (50 uM), 3-hydroxy-2-quinoxalate (1
mM), 6,7-dinitroquinoxaline-2,3-dione (1 mM), and 6,7-
dichloro-3-hydroxy-2-quinoxalate (1 mM), all fail to block the
enhancement of PI turnover elicited by 100 uM quisqualate
by >10%. Thus the quisqualate effects we have observed do
not involve the ionotropic quisqualate receptor. 2-Amino-4-
phosphonobutyric acid and O-phospho-L-serine antagonize
PI hydrolysis elicited by excitatory amino acids, particularly
ibotenate, in some preparations (19-21). These agents, even
at 1 mM, fail to inhibit the augmentation elicited by 100 uM
quisqualate (data not shown). Two distinct PI-linked excita-
tory amino acid receptors have been proposed, respectively
preferring quisqualate and ibotenate (18). We evaluated com-
binations of ibotenate (0.5 mM) and quisqualate (0.5 mM) but
fail to find any additive effects. We also see no additive
effects with 0.5 mM aspartate and glutamate (data not
shown). Thus, our data suggest that quisqualate and ibote-
nate enhance PI metabolism through a single metabotropic
cerebellar receptor subtype.

Neurotransmitter stimulation of PI turnover usually re-
quires extracellular calcium (22). Omission of calcium de-
creases the maximal quisqualate-induced enhancement of
cerebellar PI hydrolysis =~55% (Fig. 2). The inclusion of 0.5
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Fi1G. 2. Calcium dependence of quisqualate-stimulated inositol-
phospholipid hydrolysis. Rat cerebellar slices were exposed to
various concentrations of quisqualate in Krebs’ buffer with CaCl,
omitted (@) or in Krebs’ buffer with CaCl, omitted plus 0.5 mM
EGTA (0). The dose-response curve for cerebellar slices exposed to
quisqualate in standard Krebs’ buffer, which includes 1.3 mM CaCl,,
is included for comparison (0). Values are means of triplicate
determinations. The experiments were repeated twice with similar
results. SD is <12% of the mean for each data point.
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FiG. 3. Comparison between L-glutamate-stimulated inositol-
phospholipid hydrolysis in Purkinje-cell-degenerate (PCD) and phe-
notypically normal C57BR/6J mice. Experimental values represent
means = SD for quadruplicate determinations. Incorporation of
[*Hlinositol into phospholipids (means + SD) was 10,840 = 2400
cpm/mg of protein for cerebellar slices from normal mice and 26,400
+ 2852 cpm/mg of protein for slices from Purkinje-cell-degeneration
mice. *, P < 0.01, compared with basal.

mM EGTA along with the omission of calcium from the
medium abolishes quisqualate stimulation of PI hydrolysis. It
is unlikely that Ca** is directly activating phospholipase C
(23), because both NMDA, which increases membrane per-
meability to Ca%* ions, and the calcium ionophore A23187 do
not enhance PI turnover. Also, depolarization by veratridine,
which opens voltage-dependent calcium channels, only mod-
estly increases PI hydrolysis.

Regional Differences in Agonist Effects on PI Metabolism.
We compared cerebral cortex and cerebellar PI responses to
several substances (Table 2). Quisqualate enhances PI hy-
drolysis five times more in cerebellum than cerebral cortex.
As in the cerebellum, PI metabolism in the cerebral cortex is
increased more by ibotenate and quisqualate than by aspar-
tate and glutamate. By contrast, carbamoylcholine increases
PI hydrolysis 7-fold more in the cerebral cortex than in the
cerebellum.

Agonist-Stimulated PI Metabolism in Cerebella from Mu-
tant Mice and Lesioned Rats. To ascertain the cellular locus
of cerebellar glutamate augmentation of PI turnover, we
examined Purkinje-cell-degeneration mice (Fig. 3). At the age
studied (35-40 days), >99% of the Purkinje cells of these
mice have degenerated (24). No augmentation of PI metab-
olism is observed with glutamate (1 mM), though in littermate
controls glutamate produces a significant increase. The
somewhat greater basal PI turnover in Purkinje-cell-deficient
animals appears to reflect their greater incorporation of
[*Hlinositol into phospholipids.

Treatment with 3-acetylpyridine, which destroys cerebel-
lar climbing fibers (10), fails to alter PI turnover in response
to aspartate (1 mM), glutamate (1 mM), kainate (1 mM), and
quisqualate (0.5 mM) (data not shown).

DISCUSSION

This study demonstrates a quisqualate-preferring excitatory
amino acid receptor linked to PI hydrolysis, which is local-
ized to Purkinje cells. Of the two excitatory inputs to Purkinje
cells, climbing fibers and parallel fibers, the latter appears to
be the physiologic presynaptic element for this receptor, as
climbing fibers influence Purkinje cells by means of an
ionotropic aspartate-preferring receptor (25). The quis-
qualate-preferring PI-linked response has been characterized
in various tissue preparations, including Xenopus oocytes
(26), primary cultures of rat cerebellar granule cells (27),
mouse striatal neurons (28), and rat brain slices (19-21, 29).
Costa and associates (19) reported stimulation of PI metab-
olism by ibotenate and quisqualate in hippocampal brain
slices. Quisqualate-specific enhancement of PI turnover me-
diates intracellular Ca%* release in hippocampal neurons (30).
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The drug and amino acid specificity in these studies (19-21,
26-30) resembles responses we have observed here. Drug
effects on neurophysiologic responses of Purkinje cells to
parallel fiber stimulation also support a quisqualate-type
receptor at this synapse (31). The decline of quisqualate-
sensitive [*H]glutamate binding sites in cerebellar cells after
loss of Purkinje cells (32) suggests that the binding sites
involve the quisqualate-responsive PI receptors.

Mediation of parallel-fiber input to Purkinje cells by the PI
cycle accounts for the massive concentration of PI cycle
elements within Purkinje cells, such as the high levels of
InsP; receptors, protein kinase C, and phospholipase C. The
selective localization of G, protein in Purkinje cells may
reflect a role for Gy in activating phospholipase C in these
cells (33). Cerebellar granule cells are the most numerous
neuronal cells in the brain, numbering 108 in the rat (34). Each
parallel fiber innervates several hundred thousand Purkinje
cells, and each Purkinje cell receives converging input from
~10° parallel fibers. Thus, the parallel fiber—Purkinje cell
synapse is the most abundant synapse in the brain. Several
phospholipase C isozymes have been mapped in the brain by
immunohistochemistry (4), and their mnRNA has been local-
ized by in situ hybridization (5). The isozyme designated
PI-PLC-I (35), also designated PLC-A (5) and PLCa (36), is
selectively localized to Purkinje cells (5). Thus, the parallel-
fiber input to the Purkinje cells presumably stimulates selec-
tively the phospholipase C A isozyme. Protein kinase C
isozymes I and II are uniquely associated with Purkinje cells
and may represent the subtypes responsive to parallel-fiber
input (37).

Purkinje cells are also enriched in several calcium-
dependent systems. Dendrites of Purkinje cells possess a
calcium-dependent action potential initiated in the tertiary
branches of the dendrites, where parallel fibers synapse, in
contrast to more proximal portions of the dendrites, where
climbing fibers synapse (38). This suggests a preferential
association with the parallel-fiber input. Purkinje cells are
also enriched in the calcium-binding proteins calmodulin,
parvalbumin, and calbindin-Dygx (8), of which cerebellar
calbindin-D,gx occurs only within Purkinje cells (39, 40).
These proteins may sequester calcium entering Purkinje cells
from the extracellular fluid in response to climbing-fiber firing
or after calcium release from intracellular stores by InsP;.

The Ca?*-ATPase of Purkinje cells is the subtype selec-
tively associated with the endoplasmic reticulum (7). This
Ca?* pump may replenish the InsP;-releasable pool of Ca?*,
which occurs in endoplasmic reticulum (1). The relationship
of these elements to the Ca?* requirement for quisqualate
effects on PI turnover is unclear. This Ca* requirement may
reflect, in part, the role of Ca®* in facilitating ligand binding
to quisqualate receptors (41).

When the two excitatory inputs to the Purkinje cells, the
climbing fibers and parallel fibers, are conjunctively acti-
vated, parallel fiber—Purkinje cell synaptic transmission un-
dergoes long-term depression (LTD), a form of motor learn-
ing (8, 9). Applying quisqualate while stimulating climbing
fibers also elicits LTD (42), implicating quisqualate-pre-
ferring receptors in parallel fiber—Purkinje cell transmission
and LTD. Because activation of protein kinase C induces
LTD of glutamate-induced responses (43), the Pl-linked
receptor appears responsible for LTD. The PI system is also
involved in hippocampal long-term potentiation, another
learning and memory model (44). Identifying the quisqualate-
responsive PI receptor as the mediator of parallel fiber—
Purkinje cell synaptic transmission may help clarify mecha-
nisms of LTD and related models of learning and memory.

Supported by U.S. Public Health Service grants MH-18501, DA-
00266, Research Scientist Award DA-00074 to S.H.S. and training
grant GM-07309 to S.S. and C.D.B.

—

10.
11.

12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.

34.

35.
36.

37.
38.

39.

Proc. Natl. Acad. Sci. USA 86 (1989) 4319

Berridge, M. J. (1987) Annu. Rev. Biochem. 56, 159-193.
Worley, P. F., Baraban, J. M., Colvin, J. S. & Snyder, S. H.
(1987) Nature (London) 325, 159-161.

Worley, P. F., Baraban, J. M. & Snyder, S. H. (1989) J.
Neurosci. 9, 339-346.

Gerfen, C. R., Choi, W. C., Suh, P. G. & Rhee, S. G. (1988)
Proc. Natl. Acad. Sci. USA 85, 3208-3212.

Ross, C. A.,MacCumber, M. W., Glatt,C. E. & Snyder, S. H.
(1989) Proc. Natl. Acad. Sci. USA 86, 2923-2927.

Llinas, R. & Sugimori, M. (1980) J. Physiol. (London) 305, 197-
213.

Kaprielian, Z., Campbell, A. M. & Fambrough, D. (1989) Mol.
Brain Res., in press.

Ito, M. (1987) Physiol. Bohemoslov. 36, 203-216.

Ito, M. (1984) The Cerebellum and Neural Control (Raven,
New York).

Desclin, J. C. (1974) Brain Res. 77, 349-364.

Berridge, M. J., Downes, C. P. & Hanley, M. R. (1982) Bio-
chem. J. 206, 587-595.

Lowry, O. H., Rosebrough, N. J., Farr, A. L. & Randall, R. J.
(1951) J. Biol. Chem. 193, 265-275.

Ferkany, J. W., Zaczek, R. & Coyle, J. T. (1982) Nature
(London) 298, 757-759.

Zaczek, R., Koller, K., Cotter, R., Heller, D. & Coyle, J. T.
(1983) Proc. Natl. Acad. Sci. USA 80, 1116-1119.

Cotman, C. W. & Iversen, L. L. (1987) Trends Neurosci. 10,
263-265.

Ascher, P. & Nowak, L. (1988) J. Physiol. (London) 399, 227-
245.

Cull-Candy, S. G., Howe, J. R. & Ogden, D. C. (1988) J.
Physiol. (London) 400, 189-222.

Sladeczek, F., Recasens, M. & Bockaert, J. (1988) Trends
Neurosci. 11, 545-549.

Nicoletti, F., Meek, J. L., ladarola, M. J., Chuang, D. M.,
Roth, B. L. & Costa, E. (1986) J. Neurochem. 46, 40-46.
Nicoletti, F., ladarola, M. J., Wroblewski, J. T. & Costa, E.
(1986) Proc. Natl. Acad. Sci. USA 83, 1931-1935.

Schoepp, D. D. & Johnson, B. G. (1988) J. Neurochem. 50,
1605-1613.

Kendall, D. A. & Nahorski, S. R. (1984) J. Neurochem. 42,
1388-1394.

Eberhard, D. A. & Holz, R. W. (1988) Trends Neurosci. 11,
517-520.

Mullen, R. J., Eicher, E. M. & Sidman, R. L. (1976) Proc.
Natl. Acad. Sci. USA 73, 208-212.

Kimura, H., Okamato, K. & Sakai, Y. (1985) J. Physiol.
(London) 365, 103-119.

Sugiyama, H., Ito, 1. & Hirono, C. (1987) Nature (London) 325,
531-533.

Nicoletti, F., Wroblewski, J. T., Novelli, A., Alho, H.,
Guidotti, A. & Costa, E. (1986) J. Neurosci. 6, 1905-1911.
Sladeczek, F., Pin, J.-P., Recansens, M., Bockaert, J. & Weiss,
S. (1985) Nature (London) 317, 717-719.

Godfrey, P. P., Wilkins, C. J., Tyler, W. & Watson, S. P.
(1988) Br. J. Pharmacol. 95, 131-138.

Murphy, S. N. & Miller, R. J. (1988) Proc. Natl. Acad. Sci.
USA 85, 8737-8741.

Kano, M., Kato, M. & Chang, H. S. (1988) Neurosci. Res. 5,
325-337.

Olson, J. M. M., Greenamyre, J. T., Penney, J. B. & Young,
A. B. (1987) Neuroscience 22, 913-923.

Worley, P. F., Baraban, J. M., Van Dop, C., Neer, E. J. &
Snyder, S. H. (1986) Proc. Natl. Acad. Sci. USA 83, 4561-
4565.

Smoljaninov, V. V. (1971) in Models of the Structural-Func-
tional Organization of Certain Biological Systems, eds. Gel-
fand, 1. M., Gurfinkel, V. S., Fomin, S. V. & Tsetlin, M. L.
(MIT Press, Cambridge, MA), pp. 250-423.

Bennett, C. F., Balcarek, J. M., Varrichio, A. & Crooke, S. T.
(1988) Nature (London) 334, 268-270.

Rhee, S. G., Suli, P. G., Ryn, S. M. & Lee, S. Y. (1989)
Science, in press.

Nishizuka, Y. (1988) Nature (London) 334, 661-665.

Tank, D. W., Sugimori, M., Connor, J. A. & Llinas, R. R.
(1988) Science 242, 773-777.

Legrand, C., Thomasset, M., Parkes, C. O., Clarel, M. C. &
Rabie, A. (1983) Cell Tissue Res. 233, 389-402.



4320 Neurobiology: Blackstone ez al. Proc. Natl. Acad. Sci. USA 86 (1989)

40. Wassef, M., Zanetta, J. P., Brehier, A. & Sotelo, C. (1985) 43. Crepel, F. & Krupa, M. (1988) Brain Res. 458, 397-401.

Dev. Biol. 111, 129-137. 44. Hu, G.-Y., Hvalby, O., Walaas, S. 1., Albert, K. A., Skjeflo,
41. Foster, A. C. & Fagg, G. E. (1984) Brain Res. 7, 103-164. P., Andersen, P. & Greengard, P. (1987) Nature (London) 328,
42. Kano, M. & Kato, M. (1987) Nature (London) 325, 276-279. 426-429.



