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Abstract—We have investigated the cellular localization of cerebellar excitatory amino acid binding sites
in normal mice, in mice deficient in granule cells and, perhaps, stellate, basket and Golgi cells
{granuloprival mice) and in mice lacking Purkinje cells. In the molecular layer of normal mouse
cerebellum, the quisqualate-sensitive binding sites were the predominant type of excitatory amino acid
receptor and there were relatively few N-methyl-D-aspartate or kainate-sensitive binding sites. The granule
cell layer of normal mice contained a mixture of ail 3 types, the N-methyl-D-aspartate-sensitive binding
sites being predominant.

In the molecular layer of granuloprival mice, the number of quisqualate-sensitive binding sites was
increased to 214% of control (P <0.01), whereas N-methyl-D-aspartate-sensitive binding sites were
decreased to 62% of control (P <0.001) and kainate-sensitive binding sites were unchanged. In the
granule cell layer of these mice, quisqualate-sensitive binding sites were increased to 200% (P < 0.01),
N-methyl-p-aspartate-sensitive binding sites were decreased to 47% (P <0.001) and kainate-sensitive
binding sites were decreased to 49% (P < 0.01) of their respective control values.

In the molecular layer of mice lacking Purkinje cells, quisqualate-sensitive binding sites were reduced
to 29% (P < 0.001) of control and N-methyl-D-aspartate-sensitive binding sites were unchanged. In the
granule cell layer of these mice, neither quisqualate nor N-methyl-p-aspartate-sensitive binding sites were
changed.

These results suggest that (1) quisqualate-sensitive binding sites are located principally on dendrites of
Purkinje cells and that they up-regulate after deafferentation; {2) N-methyl-p-aspartate-sensitive binding
sites are located on granule cells and, perhaps, stellate, basket and Golgi cells, and (3) kainate binding

sites are located on cell bodies of granule and, perhaps, Golgi cells.

Glutamate, aspartate and perhaps some closely re-
lated compounds are thought to be major excitatory
neurotransmitters in the central nervous system.'>%
The actions of these excitatory amino acids are
mediated by at least three distinct receptors named
for the selective agonists N-methyl-D-aspartate
(NMDA), quisqualate (QA) and kainate (KA).**}%
The existence of multiple classes of binding sites, all
of which bind glutamate, raises the possibility that
each class of binding sites may have a distinct func-
tion and/or that each has a different neuronal or
regional localization. Recently, autoradiographic
methods have been developed to localize, character-
ize and quantify these binding sites *%2%%

The cerebellar cortex is a convenient region in
which to study excitatory amino acid binding sites
because of its relatively simple, laminar cyto-
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Abbreviations: AP42-amino-4-phosphonobutyrate; GRN,
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architecture, anatomically and physiologically
defined circuitry and neurochemically defined cell
types. In addition, there are selective mutations and
cytotoxic drug treatments which render the cere-
bellum deficient in specific cell types, thereby altering
cerebellar circuitry. Most importantly, it has been
proposed that excitatory amino acids are the trans-
mitters of the afferent climbing fibers,""** mossy
fibers*!* and the intrinsic granule celi/parallel fiber
system.24%% Thus, the dendrites of the Purkinje cells
receive excitatory amino acid input from both the
climbing fibers and the granule cell/parallel fiber
system whereas the granule cells receive such input
from the mossy fibers. In this study, using normal
mice, granuloprival mice and mice lacking Purkinje
cells, we have endeavored to determine the cellular
localization of cerebellar NMDA-, QA- and KA-
sensitive binding sites by means of quantitative
receptor autoradiography.

EXPERIMENTAL PROCEDURES

Animals

Granuloprival mice were produced by injecting pups of
BLU-HA mice (Blue Spruce Farms, Albany, NY) with
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methylazoxymethanol (MAM, 30 mg/kg diluted to a con-
centration of 10mg/ml in 0.9% NaCl) subcutaneously
within hours of birth. MAM is a nucleic acid alkylating
agent which kills cells undergoing mitosis at the time of drug
distribution.® When injected on postnatal day 1, this agent
causes a selective depletion of granule, stellate, basket and
Golgi cells in the mouse cerebellum. Binding experiments
were performed in 42-day-old mice that had been treated as
pups with MAM. Noninjected littermates were used as
controls. Homozygous, recessive ‘‘nervous’” mutant mice
(nr/nr) which lack Purkinje cells’® were obtained from
Jackson Laboratories (Bar Harbor, ME). Their neuro-
logically normal littermates served as controls.

Tissue preparation

Mice were decapitated and their brains were rapidly
removed. Cerebella and brainstems were dissected from
forebrain, mounted on cryotome chucks with Lipgshaw
embedding matrix, and frozen under powdered dry ice. The
mounted cerebella were warmed to —20°C and 20 um
sections were cut and thaw-mounted onto gelatin-coated
slides. Tissuc sections were washed in cither 50 mM Tris-
HCl containing 2.5mM CaCl, or 50 mM Tris-acetate
(pH 7.2 at 2°C) for 30 min at 2°C to remove endogenous
competitors and then were dried under a stream of room
temperature air. The buffer used in this prewash (Tris-HCl
or Tris—acetate) was always the same as that used in
subsequent binding experiments and in the final rinse, as
described below.

Autoradiography

A detailed description of the method for glutamate
receptor autoradiography has been published. 2% Briefly,
in glutamate saturation studies, tissue sections were incu-
bated with 30 nM L{°H]glutemate (sp. act. 39 Ci/mmol) and
varying concentrations of uniabeled glutamate ranging from
1nM to 10uM Tris-HC] containing 2.5mM CaCl, for
45 min at 2°C. Nonspecific binding was determined in the
presence of 1 mM unlabeled glutamate and represented
<10% of total binding. Similar “blanks™ were obtained
with 1 mM QA. Detailed competition studies were carried
out in the presence of 200nM glutamate (sp. act.
4.5Ci/mmol) using a wide range of QA concentrations
1 nM-1 mM) or NMDA concentrations (100 aM-1 mM).
Previous studies have shown that QA dispiaces all specific
glutamate binding biphasically with X;s for the high affinity
and low affinity sites that differ by more than
10,000-fold.2** The site with a low affinity for QA is
equivalent to the NMDA sitc.? QA binding sites are
defined, therefore, by their high affinity for QA in detailed
competition curves using the LIGAND program to resolve
the sites as described previously.224® Similar results were
obtained by defining QA sites as the specific glutamate
binding sites remaining in the presence of 100 uM NMDA
or those specific binding sites displaced by 2.5 M QA. In
analogous fashion, NMDA binding sites were defined as

either those glutamate binding sites having a low affinity for
QA in detailed competition curves or those sites remaining
in the presence of 2.5 uM QA. The glutamate binding assay
did not measure kainate-sensitive sites because binding to
these sites is inhibited by the calcium present in the assay
buffer. > Kainate binding studies were carried out at 2°C
with 65 nM [*H]kainate (sp. act. 5 Ci/mmol) in 50 mM Tris—
acetate (pH 7.2) with various concentrations of unlabeled
kainate (1 nM-100 uM) for saturation studies. Nonspecific
binding was determined in adjacent sections in the presence
of either 1 mM unlabeled glutamate or 100 uM unlabeled
kainate and represented <5% of total binding.

After the incubation, sections were quickly rinsed 3 times
with cold buffer, then rinsed once with cold 2.5% glu-
taraldehyde in acetone. The total rinse time was <10s.
Slides were blown dry with warm air, placed in X-ray
cassettes with appropriate radioactive standards and ap-
posed to LKB Ultrofilm *H. The film was exposed to the
tissue sections for 14-21 days at 4°C, then developed, fixed
and dried. Tissue sections were then post-fixed with para-
formaldehyde and stained with Cresyl Violet. Individual
layers of cerebellum were identified on autoradiographs by
comparison with the Cresyl Violet stained sections of the
tissue that produced the film image. The optical densities of
the film images were determined using a computer-assisted
microdensitometer.”® Twenty or more readings from each
layer of interest were averaged and the radioactivity of the
underlying tissue determined by a computer-generated poly-
nomial regression analysis which compared film densities
produced by the tissue sections to those produced by the
radioactive standards.*? All binding data were obtained by
microdensitometry.

Data analysis

Binding to the molecular and granule layers of MAM-
treated mice was compared to that in untreated littermates.
Similarly, binding in homozygous *“‘nervous™ mutant mice
lacking Purkinje cells was compared to neurologically nor-
mal littermates. Thus, MAM-treated and “nervous’” mutant
mice were compared to separate sets of control animals.
Statistical analysis was by unpaired 7-tests.

RESULTS
Histology

In normal cerebellum the granule cell layer is
characterized by a very dense collection of cell nuciei.
The Purkinje cell layer is a monolayer of large
neurons with pale nuclei located between the granule
cell layer (GRN) and the molecular layer. The molec-
ular layer has relatively few intrinsic neurons (basket
and stellate cefls) and the abundant neuropil consists
largely of granule cell axons and Purkinje cell den-

Fig. 1. Nissl-stained sections of comtrol cerebellum (A), cerebelium rendered deficient in granule cells by
MAM treatment (B), and cersbellem of “nervous” mutasts icking Purkimje cells (C). In control

cerebellum the GRN is chasactorissd by

cell Dodios wish prominent nuclei. The

densely packed granule
Purkinje cells are artanged in 2 monolayer between the GRN and the molecular layer. The molecoiar layer
humhﬁvﬂykwh&hicmmmwmm&mw_uwm
Purkinje cell dendrites. In MAM-treutad mice there was marked depletion of granule cells in a patchy

distribution most promineat in midline regions. In affected areas, tho GRN appased

wider than sermal

but with a decreased density of granule cell bodies (black arrows) The molweuisr layer wes shightly

narrower then in controls but there was no glial proliferation; Purkinge cells eppenesd nosmel. Glotesmete

binding data in these mice were obtained from the midiine regions of severe grasmis csll deplstion and

from adjacent aress of the molecular layer (white arrows). In “nervous” mutant mice thore were vory few

Purkinje cells. The GRN was normal and the molecular layer was slightly thinaer than normal, with an
increase in the relative density of Bergman astrocytes. MOL, molecular layer.
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« Fig. 3. Histograms of total glutamate binding (A), QA receptors (B), NMDA receptors (C) and KA
binding (D) in the molecular layer and the GRN of granule cell-deficient mice (solid bars) and mice lacking
Purkinje cells (striped bars) compared to controls (open bars). Data is presented as percentage of control
values 4+ S.EM. In experiments represented by histograms (A), (B) and (C), separate sets of control
animals were used for comparison with the MAM-treated and “nervous™ mutants, as described under
Experimental Procedures. Thus, control bars do not show standard error because they represent the level
of binding (100%) in two separate sets of control animals. In (D), control bars do show standard error
because only data from MAM-treated mice and their controls are shown. Levels of significance
(1P <0.05, *P <0.01, **P < (.001) were determined by comparison with appropriate controls by
unpaired ¢-tests as describedt under Experimental Procedures. PH]Glutamate concentration was 200 nM

(A-C) and ["Hkainate concentration was 65aM (D).

drites (Fig. 1A). In the MAM-treated rats, there was
a marked depletion of granule cells in a patchy
distribution (Fig. 1B). The areas of granule cell
depletion were most prominent in the midline regions
and the damaged granule cell layer appeared wider
than normal, but had a markedly decreased density
of granule cell nuclei. The molecular layer was
slightly narrower than in normal rats but had no
increase in the number of glial cell nuclei. Purkinje
cells in these animals appeared normal. In “nervous™
mutant mice (nr/nr), there was a severe depletion of
Purkinje cells. The GRN was normal, whereas the
molecular layer was somewhat thinner than normal
(Fig. 1C) with an increase in the relative density of
Bergman astrocytes.

Total glutamate binding

At a ["H]glutamate concentration of 200 nM, total
glutamate binding in control mice was higher in the
molecular layer than in the GRN (555 vs
4.19 pmol/mg protein, respectively) (Figs 2 and 3). In
MAM-treated mice, regions of severe granule cell
depletion had increased levels of binding. At 200 nM,
glutamate binding was increased to 174% of control
in the molecular layer and to 140% in the GRN
(P <001 and P <0.05, respectively). Saturation
analysis in the molecular layer of control and MAM-
treated mice (Fig. 4) revealed no significant difference
in affinity of binding (Kps: 1.5+ 0.1 vs 1.5+ 0.4 uM,
respectively) but a large increase in the number of

Fig. 2. Autoradiographs of total L-["H]glutamate binding (left), QA receptors (center) and NMDA

receptors (right) in control cerebellum (top row), granule cell-deficient cerebellum (middle row) and

Purkinje cell-deficient cerebellum (bottom row). Black arrows mark areas of the GRN and white arrows

mark areas of the molecular layer from which binding data were obtained. Receptor binding data are
presented under Results and in Figs 3-5. MOL, molecular layer.
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Fig. 4. Saturation analysis of L-["H]glutamate binding in the
molecular layer of control (circles) vs graawile coll-deficient
mice (squares). Inset shows Scatchant plots of the data.
Saturstion analysis was performed as doscribed under
Experimeatal Procedures. Glutamate in control and
granule cell-deficient mice has the same ity, but there
was a large increase in the number of binding sites (8., in
pmol/mg protein) in the MAM-treated aniriials. Sée text for
details.

binding sites in MAM-treated mice (B,..: 43+ 3 vs
91 + 20 pmol/mg protein, respectively P < 0.01). In
contrast, in the “nervous” mutant mice which lack
Purkinje cells total glutamate binding was decreased
to 43% of control in the molecular layer (? < 0.001)
and was unchanged in the GRN.

Quisqualate-sensitive binding sites

In control mice, QA-sensitive binding sites (mea-
sured in the presence of 100 uM NMDA) were al-
most three times as numerous in the molecular layer
as they were in the GRN (3.98 vs 1.40 pmol/mg
protein, respectively) (Figs 2 and 3). Under the
conditions of the binding asssy, QA-sensitive binding
sites account for about 75% of specific glutamate
binding sites in the molecular layer of control mice
(Fig. 5 and Table 1). Only about 30% of GRN

r

&
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Fig. 5. Quisqualate competition curves in the moiecular
layer of control mice (circies) and “astvous™ mutant saice
which lack Purkinje celis (squmres). Amatysis of QA
competiton data reveals 2 sites with dilfevent aflsiies for

QA. In the “nervous™ mutamts, thers is a8 Jous of
glutamate binding sites that have a high for QA (see
text snd Table 1).

binding sites are QA-sensitive. In the molecular layer
of MAM-treated mice, QA-sensitive sites were in-
creased to 214% of control (P <0.01) in regions
adjacent to severe granule cell depletion (Pigs 2 and
3). QA-sensitive sites were incressed to 200% of
control in the GRN of these mice (P < 0.01). In the
mice lacking Purkimje cells (“nervous” mutants),
there was a marked loss of QA binding sites in the
molecular layer, where the Purkinge ceit demdrites are
located (Figs 2 and 3). QA-sensitive binding sites
measured as glutamate binding in the presence of
100 uM NMDA, showed a reduction to 29% of
control in the molecular layer (P < 0.081); QA sites
were unchanged in the GRN of these mice. Shinilarly,
detailed QA competition curves, anl!yud by an
iterative curve-fitting computer program,* M
thatQAbiadsuntesmdemndtoZi%of
control (P < 0.005) in the molacular layer of “ner-
vous” mutants (Fig. 5 and Table 1).

N-Methyi-D-aspartate-sensitipe binding sites
There were more NMDA-sensitive binding sites in

Table 1. Comperison of quisquelate binding parameters in control mice and mice

inking Purkisge cells
Ky K, Ry R,
(nM) (M) {pmol/mg protein)
Control 114 + 60 175 + 64 25+ 1 741
Nervous 2546 53145 613 742
D-uw&cmis.&u of3np|uuw (3 control aad 3
nervous myioe) Tris-NCl conviedning 2.5 mM CeCl,. Data were
analysed by the L . Two site fits were significantly better

than one site fits in all cases. !;<0w5byunp-mdltat
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Fig. 6. Autoradiographs of kainate binding in control cerebellum (A) and granule cell-deficient cerebellum

(B). Control mice have more KA binding in the GRN than in the molecular layer. In mice lacking granule

cells, KA binding is reduced in the GRN and unchanged in the molecular layer (see text and Fig, 3D),
MOL, molecular layer.

the GRN than in the molecular layer of control mice
(3.57 vs 1.58 pmol/mg protein, respectively) (Figs 2
and 3). In the GRN of MAM-treated mice, NMDA-
sensitive binding sites were decreased to 47% of
control (P < 0.001) (Figs 2 and 3). NMDA sites were

also decreased to 62% of control (P < 0.001) in the
molecular layer of MAM-treated mice (Figs 2 and 3).
Mice lacking Purkinje cells had normal levels of
NMDA binding sites in both GRN and the molecular
layer (Figs 2 and 3).
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Kainate receptors

KA binding sites, assayed with [PH]kainate, were
more dense in GRN than in the melecular layer in
normal mouse cerebellum (1.22 vs 0.65 pmol/mg pro-
tein, respectively) (Fig. 6). MAM treatment did not
affect KA binding in the molecular layer but
decreased the number of sites to 49% of control in
the GRN (P <0.01). KA binding sites were not
assayed in the “‘nervous” mutants lacking Purkinje
cells.

DISCUSSION

The cerebellar cortex is a relatively uniform, lami-
nar structure contain five intrinsic neuronal types—
granule, Purkinje, Golgi, stellate and basket cells—
which are arranged in three distinct layers.®* The
deepest layer, the GRN, consists of numerous,
densely packed granule cell bodies and dendrites and
less common Golgi cell bodies. The middle layer,
situated just outside the GRN, is compused of a
single layer of Purkinje cell bodies. The azndritic
arbor of the Purkinje cells is located in the most
superficial layer, the molecular layer. Axons of the
granule cells project from the GRN into the molecu-
lar layer and there, divide to form the paratlel fibers
which make extensive synaptic contacts with the
Purkinje cell dendrites. The stellate and basket cells
and Golgi cell dendrites are also located in the
molecular layer and, to a lesser extent, also receive
synaptic input from the parallel fibers. The granule
cells are the only intrinsic cerebellar cells which are
excitatory,®* and extensive evidence suggests that
glutamate is the transmitter of the granuie
cell/parallel fiber system 24%%

Afferents to the cerebellar cortex, the mossy fibers
and the climbing fibers, are excitatory.!' Recent evi-
dence suggests that the mossy fibers*!® and the climb-
ing fibers'™*** may also use excitatory amino acid
neurotransmitters. Mossy fibers, from brainstem and
spinal cord, synapse in the GRN on the dendrites of
granule cells. Climbing fibers synapse in the molecu-
lar layer on Purkinje cells. Thus, the dendrites of
Purkinje cells receive excitatory amino acid input
from both the granule cell/parallel fiber system and
the climbing fibers while stellate, basket and Golgi
cells receive input from the granule cell parallel fiber
system only. Similarly, the granule cells receive such
input from the mossy fibers. It might be expected,
then, that all cercbellar cortical neurons would have
binding sites for excitatory amino acids.

The cellular location of excitatory amino acid
receptors in mouse cerebellum can be determined by
using mice which lack selected cell types. When mice
are treated within 24h of birth with MAM, the
chemical kills dividing granule cells by alkylating
nucleic acids.® Stellate, basket and Golgi cells may be
involved to a lesser extent.!>?%3% The resulting
cerebellum is hypoplastic, with a marked loss of
granule cells and a molecular layer containing disor-

ganized Purkinje cells. There is no apparent increase
in glial cell number and only slight swelling of their
processes despite massive neuronal loss. Except for
abnormal orientation, and the possible presence of
some aberrant Purkinje cell dendrites in the GRN,
Purkinje cells appear entirely normal, with intact
postsynaptic dendritic spines.?’*'34¢ The dendritic
spines of Purkinje cells are the exclusive sites of
parallel fiber synapses onto these cells.®* The net
result of this treatment is a relatively selective de-
struction of glutamatergic granule cells and
deafferentation of Purkinje cells which retain normal
dendritic spines in the molecular layer. In contrast,
“nervous’ (nr/nr) is an autosomal recessive mutation
of BALB/cGr inbred mice which results in selective
degeneration of approximately 90% of Purkinje
cells.” The use of MAM-treated and “nervous™
mutant mice allows determination of the number and
type(s) of excitatory amino acid receptors located on
non-Purkinje and Purkinje cells, respectively.

Quisqualate -sensitive binding sites

Approximately 75% of glutamate binding in the
molecular layer of normal mice is associated with
binding to QA-sensitive sites, as reported pre-
viously.* Granule cell/paraliel fiber synapses on
Purkinje cell dendrites are the most numerous
synapse in the molecular layer.?’ It is therefore possi-
ble that the most abundant type of binding site in the
molecular layer, the QA binding site, is associated
with the type of excitatory amino acid synapse most
numerous in this region. In support of this hypothesis
that QA binding sites mediate the parallel
fiber—Purkinje cell synapse, QA-sensitive binding site
data (Fig. 3A) indicate decreased QA-sensitive bind-
ing in the absence of Purkinje cells. Because the
density of Bergman astrocytes increases in the molec-
ular layer of nervous mice, the observed decrease in
binding to this layer could be due to greater absorp-
tion of beta emission by glia.2! This possibility is
unlikely though since there is no change in NMDA
binding site density in the molecular layer of these
same brains. Thus, QA binding sites appear to be
located on Purkinje cells. The remaining QA binding
sites in the molecular layer are probably located on
the 10% of Purkinje cells unaffected by this mutation
and on remaining basket, steilate and Golgi cells with
which the parallel fibers also synapse.

We have also found that when Purkinje cells are
deafferented by granule cell ablation in MAM-treated
mice, there is an apparent up-regulation of QA
binding sites in areas of the molecular layer adjacent
to the regions of greatest granule cell ablation. This
is consistent with the preservation of normal post-
synaptic dendritic spines on the Purkinje cells of
MAM-treated mice.”” Although we cannot rule out
entirely the possibility that this up-regulation merely
reflects a relative concentration of Purkinje cell den-
drites due to parallel fiber loss, this appears unlikely
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since NMDA binding sites are decreased and kainate
binding sites are unchanged by this treatment (see
below). It is noteworthy that Slevin et al.*® reported
a 65% increase in glutamate binding in mouse cere-
bellar homogenates following MAM treatment. In
addition, physiological evidence for denervation su-
persensitivity at a central glutamatergic synapse has
recently been described.” Binding to QA-sensitive
sites in the molecular layer adjacent to areas of the
GRN which were not affected by MAM treatment
was unchanged from controls (data not shown). This
suggests that the increase in binding sites is due to
granule cell loss rather than MAM treatment itself.
Although the 40 um resolution of this receptor auto-
radiographic method is insufficient to provide a
definite answer, the data from “nervous” and MAM-
treated mice suggests that QA binding sites are
associated with the parallel fiber-Purkinje cell
synapse. The results of physiological and biochemical
studies which attempt to mimic the actions of the
parallel fiber—Purkinje cell synapse in vivo are consis-
tent with this interpretation.®*!¢

QA-sensitive binding sites are also found in the
granule cell layer of cerebellar cortex. However, it is
unlikely that these sites are associated with granule
cells, because granule cell ablation actually leads to
an increase in QA sites in the GRN. Most likely this
is due to “the presence of aberrant Purkinje cell
dendrites among the granule cells” postulated by
Lovell and coworkers.”® In “nervous” mutant mice
QA-sensitive sites were not changed in the GRN.
Binding to the QA site is dependent on both calcium
and chloride ions.?? Recently, a chloride-dependent,
quisqualate-sensitive glutamate binding site, possibly
a transport site, has been described in astrocyte
membranes.® It is unlikely that this site is measured
in our assay because binding to the astrocytic site is
highly temperature-dependent and no specific bind-
ing can be measured at 2°C, the temperature at which
our assay is performed. Also, the QA binding site
described in the present study decreases in other
regions of glial proliferation such as kainate-lesioned
striatum (unpublished observations) or striatum of
patients dying with Huntington’s disease.”® Finally,
the affinity of quisqualate for the QA binding site
described here is at least 1000-fold higher than that
of the astrocytic site.’

It should also be noted that the QA binding site
described in this report is not the 2-amino-4-phos-
phonobutyrate (AP4)-sensitive glutamate binding
site described in fresh homogenates.'>®> The AP4-
sensitive site, which is chloride-dependent and
calcium-enhanced, is destroyed by freezing,'>* and is
therefore not present in autoradiographic assays.?*
Furthermore, AP4 has no effect on glutamate binding
in our assay.?

In summary, the evidence suggests that the QA-
sensitive binding site described here is located on
neurons, can up-regulate in response to deaffer-
entation, and corresponds to the dendritic QA

receptor defined electrophysiologically in the

molecular layer of the cerebellum.

N-Methyl-D-aspartate-sensitive binding sites

In cerebellar cortex, NMDA -sensitive binding sites
are more abundant in the GRN than in the molecular
layer, as reported previously.?*¥ The bulk of
NMDA binding sites in the GRN appear to be
associated with granule cell dendrites because MAM
treatment results in a 53% reduction of NMDA sites.
These binding sites may be postsynaptic to mossy
fibers which, based on immunocytochemical data,
may be glutamatergic.* Alternatively, if Golgi neur-
ons are destroyed by MAM treatment then the
NMDA sites may be located on Golgi neurons.

In animals treated with MAM there is a reduction
in NMDA binding sites in the molecular layer (Fig.
3B). Destruction of stellate and, perhaps, basket cells
by MAM in this layer suggests that NMDA binding
sites are located on stellate and basket cells. As with
NMDA sites in the GRN, the NMDA sites in the
molecular layer might be located on Golgi neurons if
these cells are destroyed by MAM. Localization of
NMDA binding sites to stellate cells and possibly to
basket and Golgi cells is in agreement with electro-
physiological studies in which NMDA has prominent
effects on inhibitory interneurons when applied
iontophoretically.®* Furthermore, the only cells
in the cerebellar cortex which are vulnerable
to NMDA toxicity are stellate, Goigi, and basket
cells.”

Another possibility is that a portion of the NMDA
sites are located on axon terminals (parallel fibers) of
granule cells. In MAM-treated cerebella, there is no
change in NMDA binding in the molecular layer
adjacent to the GRN in which granule cells were
unaffected by MAM. The data demonstrating de-
creased NMDA-sensitive binding (Fig. 3B) was ob-
tained by densitometrically analysing the molecular
layer adjacent to substantial granule cell ablation.
Presynaptic NMDA receptors have been postulated
in olfactory cortex based on glutamate release
studies’ and in hippocampus based on electro-
physiological studies® and glutamate release.’* The
present study contains the first binding data sug-
gestive of presynaptic NMDA receptors.

In “nervous™ mutant mice lacking Purkinje cells,
NMDA binding sites were unchanged in the molecu-
lar layer. This provides strong evidence that few, if
any, NMDA binding sites are located on the den-
drites of Purkinje cells and further strengthens the
supposition that QA receptors mediate synaptic
transmission of the parallel fibers. Electro-
physiological data also suggest that there are few
NMDA receptors on Purkinje cells. Crepel et al.’
recorded from Purkinje cells during iontophoretic
dendritic application of excitatory amino acids and
found that NMDA was very weak or inactive in this
region, whereas QA was a very potent excitant.
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Kainate-sensitive binding sites

The distribution of KA binding sites in this study
is similar to that reported by others,”®® with higher
levels of binding found in the GRN than in the
molecular layer. KA binding sites were reduced by
balf in the GRN of MAM-treated mice, indicating
that these binding sites are likely associated with
granule cell dendrites. KA binding in the molecular
layer was unaffected by granule cell ablation. This
suggests that there are not presynaptic KA binding
sites on parallel fibers and argues against a role for
such KA receptors at granule cell axon terminals in
controlling glutamate release.'* Future studies, using
mice lacking climbing fibers or mossy fibers, may
elucidate the site of action of kainate in mediating
excitatory amino acid release. The question of
whether there are KA binding sites located on Pur-
kinje cells was not addressed in the present study,
although there is physiological evidence to this

J. M. M. OLSON et al.

CONCLUSIONS

In this study we have used quantitative auto-
radiography to localize excitatory amino acid binding
sites in the cerebellum. We have strengthened the
contention that QA binding sites mediate the re-
sponses of the parallel fiber-Purkinje cell synapse.
Our data further suggest that these binding sites
up-regulate in response to deafferentation. We have
also provided evidence that a population of NMDA
binding sites is located on granule and stellate cells
and, perhaps, on basket and Golgi cells. Granule cells
also appear to have KA binding sites. This informa-
tion should help to better define the roles and sites of
action of excitatory amino acids in the cerebellum.
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