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The metabotropic glutamate receptors (mGluRs) mGluR4 and
mGluR7 have been postulated to serve as presynaptic autoreceptors in the hippocampal formation. The cellular and synaptic
localization of these proteins in the hippocampus,
however, is
not known. Polyclonal antibodies that specifically react with
mGluR4a or mGluR7 were produced and used for immunocytochemical localization of these receptor proteins. lmmunoblot
analysis with mGluRs expressed in stably transfected baby
hamster kidney cells suggests that each of the antibodies
reacts specifically with the appropriate mGluR subtype but not
with other mGluRs. Both antibodies recognized native proteins
in rat brain with molecular weights similar to the molecular
weights of the bands in mGluR-transfected
ceil lines. The distribution of mGluR4a immunoreactivity
was fairly uniform in all
brain regions. lmmunoreactivity
for mGluR7 was variable in
different brain regions and closely paralleled the previously
reported distribution of mGluR7 mRNA. lmmunocytochemistry

with light and electron microscopy (EM) revealed that immunoreactivities for mGluR4a and mGluR7 are widely but differentially distributed throughout the hippocampal formation. Staining with antibodies directed against mGluR4a was intense in
cell bodies and dendrites of pyramidal cells, granule cells, and
scattered interneurons.
Analysis at the EM level revealed
postsynaptic
mGluR4a localization at asymmetrical (presumably glutamatergic)
synapses and presynaptic localization at
both asymmetrical and symmetrical synapses. Immunoreactivity for mGluR7 revealed largely presynaptic localization of this
receptor at asymmetrical but not symmetrical synapses. These
data are consistent with a largely presynaptic role of mGluR7 in
the hippocampus
and suggest that mGluR4 may have both
presynaptic and postsynaptic functions.

The hippocampus is a limbic cortical structure that plays an
important role in a number of normal physiological processes,
including learning and memory, as well as in various pathological
conditions. The hippocampus is viewed commonly as a relatively
simple circuit consisting of three major excitatory synapses, each
of which employs glutamate as a neurotransmitter
(Brown and
Zador, 1990). Glutamate elicits fast excitatory synaptic responses
at each of these synapses by activating ligand-gated cation channels known as ionotropic glutamate receptors. In recent years, it
has become clear that glutamate also activates G-protein-linked
receptors, rcfcrrcd to as metabotropic
glutamate receptors
(mGluRs), suggesting that glutamate can modulate transmission
and neuronal excitability at the same synapses at which it elicits
fast excitatory synaptic responses (for reviews, set Conn et al.,
1995; Pin and Duvoisin, 1995).
A great deal of progress has been made in dctining various
presynaptic and postsynaptic physiological elfects of mGluR agonists in the hippocampus (for reviews, see Conn et al., 1994, 1995).
Rclativcly little is known, however, about the synaptic localization

and physiological roles of the different mGluR subtypes. To date,
eight mGluR subtypes have been identified by molecular cloning,
and these receptors can be placed into three groups on the basis
of sequence homology, coupling to second messenger systems,
and pharmacological profiles (for reviews, see Suzdak et al., 1994;
Pin and Duvoisin, 199.5). Group I mGluRs include mGIuR1 and
mGluR5, which couple primarily to increases in phosphoinositidc
hydrolysis in expression systems. The group II mGluRs, including
mGluR2 and mGluR3, and the group III mGluRs, including two
splice variants of mGluR4 (mGluR4a and mGluR4b), mGluR6,
mGluR7, and mGluR8, all couple to inhibition of CAMP production in expression systems.
Group III mGluRs have been postulated to serve 21s prcsynaptic
autorcccptors involved in reducing glutamate rcleasc from prcsynaptic terminals (Glaum and Miller, 1994). For instance, in
hippocampus, the selective group III mGluR agonist 2-amino-4phosphonobutyrate (L-AP4) reduces synaptic transmission at excitatory synapses (Koerner and Cotman, 1981; Ganong and Cotman, 19X2; Lanthorn et al., 1984; Baskys and Malenka, 1991;
Gereau and Conn, 1995a,b). In s&l hybridization stud& reveal
that two of the group III mGluRs, mGluR4 and mGluR7, are
expressed in hippocampus, suggesting that one or both of these
subtypes may serve as autoreceptors in this structure (Nakajima et
al., 1993; Tdnabe et al., 1993; Okamoto et al., 1994; Saugstad et
al., 1994; Duvoisin et al., 1995). In situ hybridization localizes
mRNA rather than receptor proteins, however, and gives no
insight into the presynaptic versus postsynaptic localization of
receptors at idcntilicd synapses. In the present studies, we have
produced and characterized two sets of alhnity-purified polyclonal
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rabbit antibodies, one of which specifically interacts with
mGluR4a and the other with mGluR7. Use of these antibodies for
immunocytochcmical localization of mGluR4a and mGluR7 suggests that these receptors have highly complementary localization
in the hippocampal formation and are likely to serve different preand postsynaptic roles in regulating hippocampal function.
MATERIALS

AND METHODS

Prod~~ctim trd cho~tr~le~iztriiorz of polyclot~trlmiihotlie~ ihat .specifically
intertrct wit/z mGluR4o 01’ mGhrR7. Antibodies
wcrc gcncrated
against
synthetic pcptidcs corresponding
to the putative
intracellular
C-terminal
domains
of mGluR4a
and mGluR7.
Rabbit
polyclonal
ant&a
wcrc
prepared
and affinity-purified
as described
by Blackstone
et al. (1992).
Oligopcptides
corresponding
to the C-terminal
regions of mGluR4a
and
mGluR7 wcrc synthesized
on a pcptidc synthesizer
(model 3XOA, Applied
Biosystcms,
Foster City, CA) and purified by HPLC. An N-terminal
lysinc
was added to each pcptidc
to facilitate
coupling
to the carrier protein.
The pcptidcs had the amino acid scquenccs listed in Table I.
Peptidcs
wcrc coupled
to kcyholc-limpet
hcmocyanin
(KLIH)
with
glutaraldchydc
for immunizations.
The peptidc
conjugates
wcrc mixed
with Frcund’s
adjuvant
and injcctcd
into lhrcc or four subcutaneous
dorsal sites (0.5 mg pcptidc in I ml). Two New Zealand white rabbits (3-9
months old) wcrc immunized
with cnch pcptidc for polyclonal
anlibotly
pl.oduction
(Rcscarch
Genetics, I Iuntsvillc,
AI,). Blood was obtained 4, 8,
and IO weeks after the immunization
and was clotted;
the strum was
collected by ccntrifugation
and stored at -XO”C. Antibodies
wcrc allinitypurilied
on the rcspcctivc
pcptidcs couplcd to bovine scrtnn albumin OI
thyroglobulin
and immobilized
on AtIi-Gel
(Bio-Rad,
Richmond,
CA)
resin, as dcscribcd
by Ciliax CI al. (1994).
Bruin dissec/iom. Malt Sprague-Dawlcy
rats (200-250
pm) wcrc killed
by decapitation,
and their brains wcrc rcmovcd
and disscctctl on ice. The
brain was hcmiscctcd,
and the hippocampus
was disscctcd as dcscribcd by
Glowinski
and Ivcrscn (1166). The cortex ventral to the rhinal fissure was
dissected
away from the remaining
cortex,
and after removal
of the
cntorhinal
cortex,
this cortical
section was divided
into two portions
referred
to as limbic forebrain
(LF) and piriform
cortexiamygdala
(PC/
A). The remaining
cortical
tissue is rcfcrred
to as ncocortcx.
The LF
consisted
of the portion
rostra1 to the posterior
border of the lateral
olfactory
tract and contained
rostra1 portions
of the PC, olfactory
tuberclc, and nucleus accumbcns.
PC/A contained
caudal PC and amygdaloid
structures. Striatum was dissected as described by Blumberg
ct al. (1976).
Other arcas wcrc disscctcd according
to Glowinski
and Iverscn (1966).
In7rnwrohh
trr~crbsis. Baby hamster
kidney (BHK)
cells stably transfcctcd with mGluRla
and mGluR4a,
as described previously
(Kristenscn
ct al., 1993; Thomscn
ct al., 199x), wcrc generously
suppiidd
hy Betty
Haldeman
(Zvmogcnctics.
Scattlc. WA).
BHK cells stablv transfectcd
supplied
by Dr.
with mGlu~7’(Sa;gstad
ct al., l9b4) w’crc gcncrously
Portland,
OR). Mcmbrancs
preThomas
Scgcrson
(Vellum
Institute,
pared from transfcctcd
BHK cells and from rat brain regions were used
for immunoblot
stud&
with the mGluR-directed
antibodies.
Adult malt
Sprague-Dawlcy
rats wcrc killed, and microdissccted
brain regions wcrc
homogcnizcd
immcdiatcly
with a Brinkmann
Polytron
(Brinkmann
Instrumcnts,
Wcstbury,
NY) in IO mM Tris and I mM EDTA,
pH 7.4,
containing
2 &ml
Icupeptin,
2 Fg/ml aprotinin,
and 2 pg./ml pcpstatin A.
The homogcnatcs
wcrc centrifuged
at 2250 X s for 5 min, and the

Table 1. Amino acid sequences of C-terminal
glutamate receptors

regions of metahotrupic

mGluRla

NVTYASVILRDYKQSSSTL
FVPTVCNGREWDSTTSSL
YVPTVCNGREVLDSTTSSL
KTPALATKQTYVTYTNHAI
SPKYDTLIIRDYTQSSSSL
KKTSTMAAPPQNENAEDAK
DKNSPAAKKKYVSYNNLVI
ETNTSSIKTTYISYSDHSI

mGluR2
mGtuR3
mGluR4a
mGluRS
mGluR6
mGluR7
mGluRX

Amino acid seqt~cnccs l’or pcptidcs corrcspondiny to C-terminal regions of mGluR4s
end mGluR7 (undcrlincd) used to immunize rahhits for polyclonal antibody production. The seqocnccs ol thcsc pcptidcs arc comparctl with the scqucnces of the othcl
mctahotropic glut;imatc rcccptors in the s:mlc C-terminal region.
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supcrnatants
wcrc dccantcd and ccntrifugcd
at 13,000 X <qfor 30 min. The
membrane
pcllcts wcrc resuspended,
the protein concentration
was dctermincd,
and the mcmbrancs
wcrc kept at -70°C until use. Rat brain or
BHK cell membranes
wcrc subjcctcd
to SDS-PAGE
(10% acrylamidc)
and transferred
to Immohilon-P
mcmbrancs
(Millipore,
Bedford, MA) by
by Towhin
ct al., (1971). The blots wcrc
electroblotting,
as dcscribcd
blocked with .5?+>nonfat dry milk in Tris-buffcrcd
saline (TBS) (20 111~
Tris-HCI
in 137 IllM NaCI, pH 7.4) at room tcmpcraturc
for 30 min. Blots
wcrc then incubated
overnight
at 4°C with afinity-purified
mGluR antibodies (0.5 kg/ml)
in TBS. Mcmbrancs
wcrc then rinsed :lntl incubated
for 30 min with pcroxidasc-colljllgatcd
goat anti-rabbit
IgG (Bio-Rnd)
at
room temperature.
After scvcral washes in TBS, immunorcactivc
protcins were visual&d
with cnhanccd
chcmolumincsccncc
(Amcrsham,
Buckinghamshirc,
UK),
as recommcndcd
by the manufacturer.
FOI
preadsorption
cxpcrimcnts,
antihodics
wcrc prcabsorbcd
with IO ~g/ml
homologous
pcptidc
for I hr at room tcmperaturc.
Dcglycosylation
cxpcrimcnts
wcrc pcrformcd
using pcptidc N-glycosidasc
F (PNGasc
F)
(IO00 U; New England
Biolahs,
Bcvcrly,
MA).
as suggcstcd
by the
manufacturer.
I~7mlfno~y/,ro~kcr7/i,s~~y. Immunohistochcmistry
was pcrformcd
using
well cstahlishcd
methods (I,cvcy ct al., 1991: Martin ct al.. 1902: Hcrsch
ct al., 1995). For examination
at the light microscopic
Icvcl. adult malt
Sprague-Dawlcy
rats (II = IO) wcrc ancsthcti~cd
with 30% chloral
hydrate and transcardially
pcrfusccl with 3% l’;iraform;iIdchydc
followed
by 10%~ sticrosc (200-250
ml of each). Rat brnins wcrc’ rcniovcd
and
cryoprotcctcd
in 30% sucrose at 4°C in 0.1 r~l phosphate bulfcr. pH 7.6. fob4X hr at 4”C, frozen on dry ice. and scctionctl
at 40-50 fiLk1 on ii freezing
sliding microtomc.
Sections wcrc collcctcd
in SO inki TBS. 171 I 7.2. at J”C.
Tissue sections through
the cntirc hippocanip;d
formation
rind rckltcd
strticttircs
wcrc proccsscd
for immiinocytochcmistry.
Sections wcrc prcblockccl in TBS with 4% normal goat strum (NGS) and avidin (IO ~g/ml)
for 30 min and subscqucntly
in TBS with NGS and biotin (50 pghnl)
fw
another 30 min. The sections wcrc then incubated with primary antibody
(0.5-2.0 pghl)
in TBS and 2% NGS for two or three nights at 4°C. The
avidin-biotin-pcroxidasc
method (Vcctastain
Elite ABC kit, Vector Laboratories,
Burlingamc,
CA) was used to dctcct mGluR4a
and
mGluR7
immunorcactivity.
The tissue was rinsed scvcral times in TBS, and the
peroxidase
reaction
was dcvclopcd
in O.OS% diaminohcnzidill~
(DAB)
and 0.01% H102 for IO-IS min. Sections were rinsed finally in TBS and
mounted on subbed slides. Sections wcrc dchydratcd
in alcohols, dcfattcd
in xylene, and coverslipped
for analysis.
Control experiments
were performed
in which sections wcrc incubated
in TBS without
primary
antibody.
Further
control
cxpcrimcnts
wcrc
pcrformcd
in which primary antibody was prcincubatcd
(IO &ml
for I hl
at room tcmpcraturc)
with cithcr the homologous
pcptidc or the pcptidc
corresponding
to the C-terminal
sequcncc of the other of the two rcccptors tmdcr investigation.
For EM, rats (12 = 3) wcrc pcrfuscd with 200 1111of 3%~ l~~irafomialdchydc
and 0.1% glutaraldchydc
in 0. I M phosphate butfcr, pH 7.6. Brains wcrc kept
for I hr at 4°C and then sectioned at 40 pm using II vibrntomc
(Technical
Products International,
St. Louis, MO). Sections were collcctcd
in 0. I M
phosphate buffer and then rinsed scvcral times with TBS (IO min each rinse)
bcforc being proccsscd as dcscribcd for light microscopy.
After the trc:ltmerit with 0.05% DAB and 0.01%~ H20Z for IO-IS min. the hippocampi
wcrc disscctcd and rinsed scvcral times in TBS. Sections wcrc then incuhatctl
overnight
in 2% glutaraldchydc
in 0. I M phosphate btilI’cr. After rinsing the
hippocampi
twice for IO min in phosphate bull‘cr and then in cacodylntc,
buffer (0. I M), they wcrc posttixcd in I % osmium tctroxide in 0. I M cncodylate btitfcr for 30 min. Slices wcrc then rinsed twice for IO min in 0. I M
cacodylatc
buffer, followed by a rinse in 0.0.5 M acctato bulfcr. Slices wcrc
block-stained
overnight in aqueous 2%, uronyl acctatc, followed by a rinse in
0.05 M acetate bulfcr. The tissue was then dchydratcd
in graded ethanols and
finally in propylcnc oxide for 5 min bcforc ovcrniyht
incubation
in Epon I: I
propilcne
oxide. The sections wcrc finally cmbcddcd in Epon resin t,itwccn
glass slides and left at 60°C fol- 2 d. Blocks wcrc dissected from dilfcrcnt arcas
of the hippocampus
and mounted on stubs and scctioncd using an ultramicrotome
(RMC
MT5000
or Rcichcrt
Ultracut).
Ultrathin
sections were
collected on uncoated copper mesh grids for analysis with EM (JEOL IOOC).

RESULTS
lmmunoblot
analysis
Affinity-purified
antibodies dircctcd against cithcr mGluR4a or
mGluR7 were charactcrizcd by Wcstcrn blotting analysis with
membranes (100 kg protein) from rat brain, control (untrans-
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35.1 142Figure 1. Molecular specificity of mGluR7 and mGluR4a antibodies.
Western blot analysis was used with polyclonal antibodies directed against
mGluR7 or mGluR4a to determine immunoreactivity in membranes from
rat hippocampus (Hip), control BHK cells (BHK), BHK cells transfected
with mGluR7 (m7), mGluR4a (m4u), or mGluRla (&a). Blots were
incubated with mGluR4a antibodies (left), mGluR7 antibodies (middle),
or antibodies that were preabsorbed with 10 &ml homologous peptide
(right). The tight panel shows immunoreactivity with mGluR4a-directed
antibodies after preadsorption with the peptide corresponding to the
sequence of the C-terminal region of mGluR4a. The same result was
obtained for mGluR7 (not shown). Molecular weight standards are designated at left (in kDa).
fected) BHK cells, and BHK cells transfected with either
mGluRla, mGluR4a, or mGluR7. Aflinity-purified
antibodies directed against mGluR4a reacted with a band at 117 KDa and a
second lighter band (at 108 KDa) in homogenates of BHK cells
transfected with the mGluR4a. Antibodies
directed against
mGluR7 reacted with a single band (at 129 KDa) in homogenates
of BHK cells transfected with mGluR7 (Fig. 1). The mobilities of
these proteins were consistent with the predicted molecular
weight of mGluR4a and mGluR7 on the basis of their amino acid
sequences. In contrast, neither mGluR4a- nor mGluR7-directed
antibodies reacted with nontransfected BHK cells or BHK cells
transfected with the other mGluRs tested. Preadsorption of either
antibody with homologous peptide totally abolished all immunoreactive bands, as is shown in Figure 1 for mGluR4a.
Both antibodies also recognized native proteins in rat hippocampal homogenates that had molecular weights similar to
those of the proteins recognized in transfected cells (Fig. 1). The

-0

mGluR4a

129F&re 2. Regional distribution of mGluR4a and mGluR7 immunoreactivity in rat brain. Western blot analysis was used to determine immunoreactivity with antibodies directed against mGluR4a (top) and mGluR7
(bottom) in membranes (100 pg of protein) from several regions of rat
brain. Regions that were analyzed included neocortex (Cortex), cerebellum (Cerebellum), limbic forebrain (LF), olfactory bulb (OB), piriform
cortexiamygdala (PC/A), ponsimedulla (PlM), hippocampus (Hippocampus), striatum (,%&urn), and midbrain (Midbrain). Molecular weight
standards are designated at left (in kDa).

.

mGluR7

97Figure 3. Effect of deglycosylating enzyme treatment on mGluR4a and
mGluR7 immunoreactivity. Western blot analysis was performed with
antibodies directed against mGluR4a (top) or mGluR7 (bottom) with
membranes from rat piriform cortexiamygdala (PC/A), striatum (,%aturn), hippocampus (Hippocampus), and BHK cells transfected with
mGluR4a (mGluR4u BHK) or mGluR7 (mGluR7 BHK). The membranes
were treated previously with (0) or without (C) PNGase F (1000 U) for 4
hr at 37°C. Molecular weight standards are designated at Zeft(in kDa).
regional distributions of mGluR4a and mGluR7 were determined
in a number of dissected brain regions (Fig. 2). Antibodies directed against mGluR4a reacted with two distinct bands in all
limbic regions examined (hippocampus, PC, and LF) but generally reacted with a single band in nonlimbic regions. With longer
exposures in some experiments, however, mGluR4a-directed
antibodies also reacted with a faint second band in nonlimbic areas.
The distribution of mGluR4a was fairly uniform in all brain
regions examined. Antibodies directed against mGluR7 reacted
with a single band in homogenates from many brain regions. The
strongest immunoreactivity
was in hippocampus and the regions
containing PC/A. Somewhat lower immunoreactivity
was seen in
cerebral cortex, striatum, midbrain, and olfactory bulb. Faint
immunoreactivity
was seen in pans/medulla, and cerebellum was
devoid of detectable immunoreactivity.
Although mGluR4a- and mGluR7-directed
antibodies react
with bands in appropriately
transfected BHK cells and in rat
brain homogenates, there is a slight difference in the molecular
weights of the immunoreactive
bands in these two preparations
(Fig. 1). Thus, the immunoreactive
bands in transfected BHK
cells have apparent molecular weights that are slightly higher
than those in rat brain homogenates. One possible explanation
for this finding is that there could be differences in the posttranslational
modifications of the receptors in BHK cells and
rat brain. To determine whether N-linked glycosylation might
account for the differences between mGluR-immunoreactivity
in BHK cells and rat brain, homogenates were treated with the
deglycosylating
enzyme PNGase F and analyzed by immunoblotting. Treatment of mGluR4a-transfected
BHK cells with
PGNase F resulted in a shift in the molecular weights of the
two bands to an intense band that corresponds directly with the
higher molecular weight band seen in rat brain homogenates
and a lighter band that corresponds with the lower molecular
weight band seen in rat brain homogenates (Fig. 3, top). This
suggests that the differences in molecular weights between
BHK cells and rat brain homogenates can be explained by
differences in glycosylation in the different cell types. PNGase
F did not induce a shift in the molecular weights of the
immunoreactive
bands in rat brain homogenates, however,
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4. Immunocytochemical analysis of mGluR4a and mGluR7 in rat hippocampus. A and B show low-magnification immunocytochemical analysis
of staining with antibodies directed against mGluR4a (A) and mGluR7 (B) in sections of rat brain containing the hippocampal formation. C and D show
staining with mGluR4a and mGluR7 antibodies that were preabsorbed with 10 @ml homologous peptide. In the section shown in E, mGluR4a antibody
was preabsorbed with 10 pg/ml mGluR7 peptide. In the section shown in F, mGluR7 antibody was preabsorbed with 10 &ml mGluR4 peptide. Scale
bar (shown in F), 1 mm.
Figure

suggesting that the differences in molecular weights in these
bands do not correspond to differences in PGNase F-sensitive
glycosylation states. The finding that both of these bands correspond directly to bands seen in mGluR4a-expressing BHK
cells (but not control BHK cells or cells transfected with other
mGluRs), however, increases confidence that each of these
bands represents a translation product of the mGluR4a gene.

As with mGluR4a, treatment of mGluR7-expressing BHK cells
with PGNase F induced a shift in the mGluR7-immunoreactive
band to a lower molecular weight (Fig. 3). In contrast to
mGluR4a, however, PGNase F treatment also induced a shift of
the immunoreactive band seen in rat brain homogenates. The
molecular weight of the deglycosylated immunoreactive product
in BHK cells corresponds nicely with that of the immunoreactive

2046 J. Neurosci.,
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Immunocytochemical staining of a section through the hippocampal formation containing area CA1 and the dentate gyrus. Staining with
antibodies directed against mGluR4a (left) and mGluR7 (right) is shown in an area of the hippocampal formation represented in the box shown in the
inset at the upper edge of the figure. From the top, the hippocampus proper is seen with the stratum oriens (so), stratum pyramidale (sp), stratum radiatum
(sr), and stratum lacunosum-moleculare (slm). Below the slm is the dentate gyrus, which includes the outer (o), middle (m), and inner (i) thirds of the
stratum moleculare (sm), stratum granulosum (sg), and hilus (hi). Scale bar, 0.16 mm.
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Figure 6. High-magnification light micrograph of mGluR4a and mGluR7 immunoreactivity in the hippocampal formation. A and B show immunoreactivity with mGluR4a and mGluR7 antibodies in the CA1 field: stratum oriens (so), stratum pyramidale (sp), and stratum radiatum (ST).E showsmGluR7
immunoreactivity in a similar section in area CA3. Note the punctate fibers stained with mGluR7-directed antibodies (arrowheads) in B and E. C and D,

respectively, show high-magnification images of interneurons stained with mGluR4a-directed antibodies in the dentate hilus (hi) and a region of area CA1
containing the alveus (uZ) and the stratum oriens (so). A basket horizontal cell is shown that is immunopositive for mGluR4a in the hilus (C). In D, the
presence of mGluR4a immunoreactivity is shown in a horizontal neuron at the border between alveus and stratum oriens. In F, cell bodies of granule cells
are immunopositive for mGluR4a antibodies: stratum moleculare (sm), stratum granulosum (sm), and hilus (hi). In G, mossy fibers immunopositive to
mGluR7 are terminating on CA3 pyramidal neurons: stratum lucidum (sl) and stratum pyramidale (sp). H shows punctate staining reminiscent of
presynaptic terminals on a somata and dendrite of an interneuron in the stratum oriens (so) in the CA3 area. Scale bar: B-D, 0.028 mm; A, E, F, 0.04
mm; G, 0.0012 mm; H, 0.018 mm.
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band in rat brain homogenates that have been treated with deglycosylating enzymes.
lmmunocytochemical
distribution
of mGluR4a in
the hippocampus
Affinity-purified
antibodies were used for immunocytochemical
localization of mGluR4a and mGluR7 in the hippocampus. Antibodies directed against both mGluR4a and mGluR7 selectively
stained different neuronal elements in the hippocampal formation
(Fig. 4AJ). Immunoreactivity
was virtually abolished when the
affinity-purified antibodies were preabsorbed with the homologous peptide (Fig. 4C,D), but was unchanged when the antibodies
were preabsorbed with the peptide corresponding
to the
C-terminal amino acid sequence of the other mGluR subtype
(Fig. 4&F). Furthermore, there was no appreciable staining with
preimmune serum (data not shown). Taken together with the high
specificity of each of the antibodies demonstrated in the Western
blot analysis, thcsc data suggest that each antibody is reacting
selectively with either mGluR4a or mGluR7.
Immunoreactivity
with mGluR4a and mGluR7 antibodies rcvealed distinct and somewhat complcmcntary distributions in the
rat hippocampus (Fig. 4A,B). mGluR4a immunorcactivity
is intense in the cell body layers of all major subscctors (CAI, CA3,
and dentate gyrus) of the hippocampal formation (Fig. 4A). There
is also less dense mGluR4a immunoreactivity
in the molecular
layers of both the hippocampus proper (cornu ammonis) and the
dentate gyrus. Higher magnification reveals that immunorcactivity
for this rcccptor is highly localized on the cell bodies and apical
dendrites of pyramidal neurons throughout areas CAI-CA4
(Figs. 5, 6A) and cell bodies of granule cells in the dentate gyrus
(Figs. 5, 6F). In addition, a number of scattered interneurons
are immunopositive for mGluR4a (Figs. 5, 60); these are present
in all layers of the hippocampus proper and are most prominent in
the stratum oriensialveus. As shown in Figure 60, interneurons
in the stratum oriens/alveus region that were immunopositive for
mGluR4a often had processes oriented in a direction that was
parallel to the cell body layer. Their morphology resembles the
interneurons dcscribcd previously by McBain et al. (1994). Interneurons that were immunopositive for mGluR4a were especially
prevalent in the hilus region of the dentate gyrus (Figs. 5, 6C).
Figure 6C shows mGluR4a immunostaining of horizontal basket
cells in the hilus at a high magnification.
Most pyramidal cells in CA1 and CA3 that were examined for
mGluR4a immunorcactivity
by EM contained abundant DAB
reaction product (Fig. 7A), which was found free in the cytoplasm
and associated with endoplasmic reticulum and Golgi apparatus.
Nuclei were not stained, and there was no particular association of
reaction product with perikaryal cell membranes. Immunorcactive
somata received symmetrical and occasional asymmetrical synapses formed by axon terminals that were often immunoreactive
as well (Figs. 7&C). The apical (Fig. 70) and basal dendrites of
the pyramidal ccl1 were lab&d extensively with reaction product
that diffusely filled them, surrounding organelles and cytoskeletal
clcments. Many smaller spiny dendrites and dendritic spines were
evident in the ncuropil, consistent with smaller pyramidal cell
dendrites (Fig. 7E-M). In smaller-caliber dendrites, immunoreaction product was more patchy and occasionally seemed to be
concentrated postsynaptically at probable excitatory (i.e., asymmetrical) synapses (Fig. 7E). Well labeled dendrites frequently
gave rise to unlabeled spines (Fig. 7F). In contrast, many dendrites gave rise to very densely labeled dendritic spines (Fig.
7G,H), and individual dendrites giving rise to both labeled and
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unlabeled dendrites were identified occasionally (Fig. 71). Immunoreactive dendritic spines and their postsynaptic densities were
intensely labeled. Most of the synapses received by labeled spines
were from unlabeled axon terminals forming asymmetrical synapses (Fig. 7G,I-K),
although a small number of mGluRC
immunoreactive terminals making asymmetrical (Fig. 7H) and,
rarely, symmetrical synapses (Fig. 7M) with labeled spines were
also identified. Interestingly, although mGluR4-immunoreactive
terminals synapsing with spines were common, most of the
postsynaptic spines were unlabeled (Fig. 71-L).
mGluR4-immunoreactive
myelinated axons (Fig. &I), preterminal axons, and axon terminals were quite frequent in the neuropil in CA1 and CA3. Reaction product was diffusely located,
surrounding synaptic vesicles and mitochondria. In some axon
terminals, reaction product was especially dense near the synaptic
active zone. The majority of mGluR4-immunoreactive
terminals
formed asymmetrical synapses that were with pyramidal cell somata (Fig. 78) and lab&d and unlabeled dendritic shafts (Fig.
8&L&E) and spines (Fig. 7H,.I-L). Many of the axodendritic
synapses were with mGluR4-immunoreactivc
dcndritcs (Fig. SD):
however, unlabclcd aspiny dendrites were observed that received
an extrcmcly high density of immunoreactivc synapses (Fig. SC).
A signiticant number of nlGILIR4a-immunorcactivc
terminals
formed symmetrical synapses with unlabeled (Fig. 8&F) and
labeled (Fig. r(G) dendrites. In CA3, mossy fiber terminals wcrc
identified by their large size (Fig. 8H-J), and most were immunoreactive, as were many of the spines with which they synapscd.
lmmunocytochemical
distribution
of mGluR7 in
the hippocampus
The pattern of staining with antibodies directed against mGluR7
was markedly different from the pattern of mGluR4a immunoreactivity. mGluR7 immunoreactivity was very light or absent from
the cell bodies and proximal dendrites of pyramidal cells of the
hippocampus proper and the granule cells of the dentate gyrus
(Figs. 4B, 5). The neuropil regions of Ammon’s horn and dentate
gyrus, however, were densely immunoreactive. In both dentate
gyrus and hippocampus proper, mGluR7 immunoreactivity was
detected in fine fibers and puncta (Figs. 6&E) (areas CA1 and
CA3, respectively). In area CAl, mGluR7 staining was most
intense in the stratum radiatum and considerably less intense in
the stratum lacunosum-moleculare, and a narrow band of slightly
darker immunoreactivity
can be seen at the border of these two
layers (Fig. 4B). This is in stark contrast with area CA3 in which
immunoreactivity
in the stratum radiatum is similar to that in
CAl, but there is unusually intense mGluR7 immunorcactivity in
the stratum lacunosum-molcculare
(Fig. 4B). In addition, CA3
shows intense punctate staining of the stratum lucidum (Fig. 6G).
In the stratum radiatum and stratum oriens of area CA3, mGluR7
is also expressed in puncta scattered along the somata and dendrites of interneurons (Fig. 6H).
In dentate gyrus, mGluR7 immunoreactivity follows a pattern
similar to that in Ammon’s horn. There was little or no staining of
cell bodies or proximal dendrites of the granule cells (Figs. 4B, 5),
but there was intense staining of neuropil regions. In the molecular layer, there was a clear demarcation of immunoreactivity with
intense staining in the middle third of the molecular layer and
light staining in the inner third. In contrast, immunoreactivity in
the outer third of the molecular layer was virtually absent. There
was also moderate to intense staining for mGluR7 in the hilus. As
with the hippocampus proper, mGluR7 immunoreactivity
in the
molecular layer and hilus of the dentate gyrus was often punctate
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F&ure 7. Electron micrographs demonstrating postsynaptic mGluR4a immunoreactivity in CA1 and CA3.A is an example of a densely labeled pyramidal
cell in CA3. Reaction product is visible, filling the perikaryal cytoplasm. Immunoreactive axon terminals (asterisks)forming asymmetrical and symmetrical
synapseswith labeled pyramidal cells (p) in CA1 and CA3 are shown in B and C, respectively. An example of a labeled pyramidal cell apical dendrite (d)
from CA1 is shown in D. Note the many axon terminals and dendritic spines visible in the surrounding neuropil. A dense patch of immunoreaction product
near the plasma membrane at a synapse is evident (short arrow). Another such patch in a smaller CA1 dendrite (d) observed in E is postsynaptic to an
axon terminal (a) synapsing with it (arrow) and with an unlabeled dendritic spine (s). F is an example of a well labeled dendrite (d) in CA3 giving rise
to an unlabeled spine (3). G and H are examples of labeled CA3 dendrites (d) giving rise to intensely immunoreactive spines (s) postsynaptic to unlabeled
and labeled axon terminals (asterisks), respectively. A minimally labeled CA3 dendrite (d) giving rise to one well labeled (asterisk) and two unlabeled
spines (s) is shown in I. J-L are examples of axospinous synapses and contain three mGluR4a-immunoreactive spines (s) synapsing with unlabeled axon
terminals (a) and three immunoreactive axon terminals (asterisks) synapsing with unlabeled spines (u). In M, an unlabeled dendritic spine (s) is
postsynaptic to an unlabeled axon terminal (a) at an asymmetrical synapse and to a labeled axon terminal (asteuisk)at a symmetrical synapse. Scale bar:
A, 1000 nm; B-M, 400 nm.
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and was prominent in fine fibers. In addition, there was prominent
mGluR7 immunoreactivity in axons in the fimbria and fornix (Fig.
9). In contrast, there was no detectable staining of these fibers
with antibodies directed against mGluR4a (Fig. 9).
As with mGluR4a immunoreactivity, staining for mGluR7 was
also present in cell bodies of scattered intcrneurons in the hippocampus proper (Fig. 6B). In contrast to mGluR4a immunoreactivity, thcrc was no dctcctablc mGluR7 in interneurons in the
dentate gyrus.
Immuno-EM analysis of mGluR7 immunoreactivity in stratum
oriens, pyramidale, and lucidum in CA3 was consistent with the
light-level analysis and revealed that labeling was predominately
in axonal elements. Occasional pyramidal cells with light patches
of perikaryal immunorcaction product (Fig. IOA) were observed,
however, as were occasional well labeled dendrites and spines
(Fig. lOB,C). Lab&d
axons were very common and included
myelinated axons (Fig. IUD), preterminal axons, and axon terminals. Most intensely lab&d were axon terminals, which formed
asymmetrical synapses with pyramidal ccl1 somata (Fig. IOE) and
apical dendrites (Fig. IOF), spiny and aspiny dcndritcs (Fig. 10(;),
and dendritic spines (Fig. lOH,I). A population of aspiny dcndritcs was idcntificd in stratum pyramidale and stratum radiatum,
with
mGluR7which wcrc almost completely
covered
immunorcactivc terminals synapsing with them (Fig. IO<;). Although the majority of mossy terminals was not labeled, a small
percentage contained localized patches of reaction product (Fig.
loJ,K), which was usually in the vicinity of synapses.
DISCUSSION
In recent years, a great deal of progress has been made in
determining the physiological roles of mGluRs in the hippocampal formation. Littlc is known, however, about the specific physiological roles of each of the eight cloned mGluR subtypes.
Development of a complctc understanding of the regional, cellular, and subcellular distributions of each mGluR subtype will be
essential for gaining insight into the specific roles of each receptor
in regulating hippocampal function. Although information regarding the cellular distributions of mGluRs has been gleaned
from irl sits hybridization analysis (for review, see Testa et al.,
1994), this method is limited in that it localizes mRNA rather than
receptor proteins. After translation from mRNA in the cell body,
receptor proteins arc transported specifically to neuronal processes, where they function at sites far removed from their sites of
synthesis. Furthermore, differences in protein turnover rates
and/or translation efficiencies can result in large discrepancies
between levels of a particular mRNA and its translation product.
Receptor autoradiography
cannot be used for localization of
mGluR subtypes, because thcrc are no sclcctive ligands available
for thcsc receptors. Furthermore, receptor autoradiography dots
not have the resolution nccdcd to localize receptors to individual
perikarya, processes, and synapses. Another approach that has
been used for localization of rcccptor subtypes with a great deal of
success is immunocytochcmistry
using antibodies that react with
specific receptor-protein subtypes (Levey et al., 1991; Blackstone
et al., 1992; Martin et al., 1992; Ciliax et al., 1994; Hersch et al.,
1095).
In the present studies, we have developed antibodies specific
for two group 111 mGluR subtypes, mGluR4a and mGluR7.
Several experiments suggest that each of these antibodies reacts in a highly specific manner with the targeted receptor.
Western blot analysis revealed that both antibodies selectively
recognize proteins in cell lines transfected with the appropriate
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receptor cDNAs but not in nontransfected cells or cell lines
transfected with other mGluR subtypes. Each antibody also
recognizes native proteins in rat brain homogenates with molecular weights consistent with the molecular weights of the
immunoreactive
proteins in transfected cell lines. Finally,
preadsorption of the antibodies with the homologous peptidcs
abolished all the immunoreactive
bands, suggesting that the
antibodies were reacting with the targeted epitope rather than
binding nonspecifically.
Western blot analysis of the distribution of mGluR7 immunoreactivity in various dissected regions of rat brain revealed a
distribution of this protein that is in close agreement with the
previously reported distribution of mGluR7 mRNA (Okamoto ct
al., 1994; Saugstad ct al., lYY4), including intense mGluR7
immunoreactivity
in cortical and olfactory regions, low immunoreactivity in ponsimedulla, and absence of immunorcactivity in
cerebellum. In contrast, there was no clear correlation between
the distribution of mGluR4 mRNA (Tanabc ct al.. 1903) and
mGluR4a immunorcactivity.
mGluR4a immunorcactivity
was
somewhat uniform throughout the dificrcnt brain regions cxamincd, whereas mGluR4 mRNA is high in ccrcbcllum and olfactory
bulb and relatively low in other brain regions. The reason for this
discrepancy is unclear. One possibility is thal this rcfiects ditfercnt
distributions of the two splice variants of mGluR4 (mGluR4a and
mGluR4b). For cxamplc, if mGluR4b is highly cxprcsscd in ccrebellum and olfactory bulb, this could explain the high levels of
mGluR4 mRNA in these structures. Another possible explanation
for these data is that thcrc may bc an unusually high turnover rate
or a low translation cficiency for mGluR4 in cerebellum and
olfactory bulb that leads to a discrepancy between relative protein
and mRNA levels. Also, discrepancies between mRNA and protein distributions can be attributed to transport of proteins to sites
distal to the original site of synthesis. Finally, as with any immunocytochemical procedure, it is never possible to be certain that
the reaction product is localized only to the molecule of interest.
Thus, it is possible that the mGluR4a-dircctcd
antibodies also
react with another protein in the tissue sections. The high specificity of the mGluR4a antibodies demonstrated in Wcstcrn blot
studies, however, coupled with the finding that the only immunoreactive product has a molecular weight that is consistent with
mGluR4a and the ability to abolish immunoreactivc staining of
sections with peptides homologous to the receptor scqucncc,
increases confidence that the immunocytochemical
staining represents mGluR4a protein.
The immunocytochcmical
localization
of mGluR4a and
mGluR7 in the rat hippocampus may provide valuable insights
into the possible physiological
roles of thcsc receptors. As
discussed above, mGluRs 4, 6, 7, and 8 arc all sclcctivcly
activated by L-AP4 and comprise the group III mGluRs. One
of the most prominent physiological effects of group III mGluR
activation is reduction of transmission at glutamatcrgic
synapses by reduction of glutamate release from prcsynaptic terminals (for review, see Glaum and Miller, 1994). In the hippocampus, L-AP4-sensitive
presynaptic mGluRs are involved
in reducing transmission at each of the three major excitatory
synapses (Koerner and Cotman, 1981; Lanthorn ct al., 1984;
Baskys and Malenka, 1991; Gereau and Corm, 1YYSa). The
present finding that both mGluR4a and mGluR7 are localized
presynaptically
at asymmetrical
(presumably
glutamatergic)
synapses in the hippocampus suggests that both of these rcceptors could serve as presynaptic autorcceptors involved in regulating glutamate release.
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Figure 8. Electron micrographs demonstrating presynaptic mGluR4a immunoreactivity in CA1 and CA3.A demonstrates immunoreactive (nsrerisk) and
unlabeled (a) myelinated axons in CAI. B, An unlabeled dendrite (d) in CA3 receiving synapsesfrom labeled (asterisk) and unlabeled axon terminals (a).
Most of the reaction product in the labeled terminal is away from the synaptic active zone. In C, an unlabeled CA3 dendrite (d) forms asymmetrical
synapseswith three mGluR4a-immunoreactive axon terminals (asterisks). Reaction product in these terminals is concentrated at the synaptic active zones.
In D, an immunoreactive CA3 dendrite (d) is postsynaptic to two labeled axon terminals (asterisks). E-G are examples of dendrites (d) receiving
symmetrical synapses from mGluR4-immunoreactive axon terminals (asterisks). In E and F, unlabeled CA1 dendrites (d) receive two symmetrical (curied
arrows) and one asymmetrical (straightarrow)
synapse. In G, two immunoreactive CA3 dendrites (d) are forming symmetrical synapses with one mGluR4
terminal (asterisk). H-J are examples of mossy fiber terminals (m) in CA3 forming multiple synapseswith labeled (asterisks) and unlabeled spines (s). The
mossy terminals in H and I are well labeled, whereas the one in J has only a single patch of reaction product (arrow). Scale bars, 400 nm.
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Fipure9. Immunoreactivitvof mGluR4aand mGluR7 in the fimbria. Bundlesof axonsare immunopositivewith antibodiesdirectedagainstmGluR7but
n;t mGluR4a.Scalebar, 0:15mm.
Although both mGluR4a and mGluR7 were presynaptically
localized on excitatory synapses, there were some interesting
differences between the localization of these two mGluR subtypes. For instance, both receptors are presynaptically localized
at excitatory synapses in area CA3 but mGluR4a is heavily
localized at mossy fiber synapses, whereas mGluR7 immunoreactivity was primarily localized on nonmossy fiber asymmetrical synapses. This suggests that mGluR4a may serve as an
autoreceptor on mossy fiber terminals, whereas mGluR7 may
be an autoreceptor at excitatory synapses from commissural,
recurrent, and/or perforant path projections to CA3 pyramidal
cells. Consistent with this hypothesis, L-AP4 reduces transmission at the mossy fiber synapse in rats (Lanthorn et al., 1984).
The concentrations of L-AP4 required for reducing transmission at this synapse are higher than would be expected for
mGluR4a, however, and a rigorous pharmacological characterization of the autoreceptors at this synapse has not been
performed. Consistent with the possibility of mGluR7 localization on terminals from perforant path and commissural afferents, there was intense mGluR7 (but not mGluR4a) immunoreactivity in axons in the fimbrialfornix, which contains excitatory
commissural afferents. Also, there was intense mGluR7 staining in
the stratum lacunosum-moleculare of area CA3, where fibers
from perforant path projections to the hippocampus terminate
(Lorente de No, 1934; Raisman et al., 1965; Steward, 1976;
Witter, 1986). Likewise, mGluR7 immunoreactivity was intense in
the middle third of the molecular layer of the dentate gyrus, where
afferents from the medial perforant path terminate with dentate
granule cells (Teyler and DiScenna, 1984).
Another important difference between presynaptic staining
with mGluR4a and mGluR7 antibodies was that mGluR7 immunoreactivity was localized exclusively at asymmetrical synapses,
suggesting localization only on glutamatergic terminals, whereas
mGluR4a immunoreactivity was localized presynaptically on both
asymmetrical and symmetrical synapses. This suggests that
mGluR4a also may play a role as a presynaptic heteroceptor
involved in regulating transmission at inhibitory synapses. The
source of the immunoreactive terminals at symmetrical synapses
may be the immunoreactive interneurons that were seen at the
light level.

In addition to its presynaptic localization, mGluR4a immunoreactivity was highly localized to cell bodies and apical dendrites
of pyramidal cells, cell bodies of dentate granule cells, and cell
bodies and dendrites of interneurons in both the hippocampus
proper and dentate gyrus. Consistent with this, immuno-EM revealed heavy postsynaptic localization of mGluR4a at asymmetrical synapses onto pyramidal cells. Although mGluR7 immunoreactivity was primarily presynaptic, mGluR7 immunoreactivity
was also seen occasionally on postsynaptic elements. It is possible
that the well labeled spiny dendrites are related to the mGluR7immunopositive interneurons seen at the light level, suggesting
that mGluR7 may play a postsynaptic role in these neurons. Also,
preliminary studies in nonhippocampal regions suggest that
mGluR7 may have a substantial postsynaptic localization in some
brain regions (unpublished findings). The finding of postsynaptic
group III mGluRs is surprising in light of the prevailing view that
the major role of group III mGluRs is as presynaptic autoreceptors, and it suggests that these receptors may also play postsynaptic roles. Interestingly, we have reported that none of the
previously described excitatory effects of mGluR activation in
hippocampal pyramidal cells are elicited by selective agonists of
group III mGluRs (Gereau and Conn, 1995b). Previous studies,
however, suggest that group III mGluRs are coupled to inhibition
of adenylyl cyclase (for review, see Conn et al., 1995), and it is
possible that these receptors are involved specifically in regulation
of CAMP-mediated responses.
In summary, mGluR4a and mGluR7 subtype-specific antibodies have been developed and used for immunocytochemical
localization of these receptors in the hippocampal formation.
Our studies suggest highly complementary distributions of
these two receptor subtypes with a predominantly presynaptic
localization of mGluR7 at glutamatergic synapses, presynaptic
localization of mGluR4a at both excitatory and inhibitory synapses, and postsynaptic localization of mGluR4a in pyramidal
cells, granule cells, and scattered interneurons. Additional
electrophysiology and pharmacology studies will be needed to
characterize further the presynaptic and postsynaptic functions
of these receptors at each of the synapses in which immunoreactivity was revealed.
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Figure 10. Electron micrographs demonstrating mGluR7 immunoreactivity in CA3. In A, a pyramidal cell somata is shown with a few patches of
immunoreaction product (arrowheads). B and C are examples of uncommon immunoreactive dendrites (d) and a dendritic spine (s). D demonstrates
immunoreactive (asterisk) and unlabeled (a) myelinated axons. E and F are examples of mGluR7-immunoreactive axon terminals (asterisks) synapsing
with a pyramidal cell perikaryon (p) and an apical dendrite (d). G is the dendrite of a nonpyramidal cell (d) synapsing with at least eight
mGluR7-immunoreactive axon terminals (asterisk). H and I are examples of mGluR7 axon terminals (asterisks) synapsing with dendritic spines (1). An
unlabeled axospinous synapse (arrow) is visible in H for comparison. J and K are examples of minimally labeled mossy fiber axon terminals (m), synapsing
with several spines (s). Scale bars: A, 1000 nm; B-K, 200 nm.
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