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Selective targeting of neurotransmitter receptors to specific
synapse populations occurs in adult neurons, but little is known
about the development of these receptor distribution patterns.
In this study, we demonstrate that a specific developmental
switch occurs in the targeting of a receptor to an identified
synapse population. Localization of delta and AMPA glutamate
receptors at parallel and climbing fiber synapses on the devel-
oping Purkinje cells was studied using postembedding immu-
nogold. Delta receptors were found to be abundant on postsyn-
aptic membranes at parallel fiber synapses from postnatal day
10 (P10) to adult. In contrast, delta receptors were found to be
high at climbing fiber synapses only at P10 and P14. Thus, a
major finding of this paper is that high levels of delta receptors
are transiently expressed in climbing fiber synapses in the
second postnatal week. Labeling of synapses with anti-delta

receptor antibody at P10 was limited to the postsynaptic mem-
brane of excitatory synapses and was absent from GABAergic
synapses. Unlike delta receptor immunolabeling, AMPA recep-
tor immunolabeling (GluR2/3 and GluR2 antibodies) was high in
the postsynaptic membranes of synapses at early postnatal
ages (P2 and P5) and was higher in climbing fiber synapses
than in parallel fiber synapses from P10 to adult. The present
study shows that synapse-specific targeting of glutamate re-
ceptors in Purkinje cells is developmentally regulated, with the
postsynaptic receptor composition established during synapse
maturation. This composition is not dependent on the nature of
the initial establishment of synaptic connections.
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Glutamate receptors, including AMPA, kainate, delta, NMDA,
and metabotropic types, are found in the developing cerebellum
and may play roles in the early formation of Purkinje cell synapses
(e.g., Bettler et al., 1990; Pellegrini-Giampietro et al., 1991;
Rabacchi et al., 1992; Bahn et al., 1994; Laurie and Seeburg, 1994;
Yuzaki et al., 1996; Kano et al., 1997; Levenes et al., 1997). In
adults, a complex pattern of afferent innervation is associated
with an abundance of glutamate receptor subtypes and subunits
that often sort to different synaptic populations on Purkinje cells
and other neurons (Martin et al., 1993; Baude et al., 1994; Petralia
et al., 1994; Siegel et al., 1994; Landsend et al., 1997; Rubio and
Wenthold, 1997; Zhao et al., 1997). However, it is not clear how
such arrangements of receptors develop and are maintained. The
pattern seen in adults may be established during initial synapto-
genesis or originate during synapse maturation, perhaps because
of changes in synaptic activity.

Purkinje cells have two kinds of excitatory synapses (formed by
parallel and climbing fibers) that develop in early postnatal ani-
mals and, at least in adults, are arranged and interact in ways
affecting the plasticity of Purkinje cell responses and motor co-
ordination (Linden, 1994; Llinás and Walton, 1998). Selective
targeting of glutamate receptors has been established for adult

Purkinje cells; delta 2 receptors are high at parallel fiber synapses
but low at climbing fiber synapses (Landsend et al., 1997; Zhao et
al., 1997). The development of excitatory synaptic connections
with Purkinje cells begins shortly after birth (for review, see
Altman and Bayer, 1997). Functional climbing fiber synapses are
found on Purkinje cells from postnatal day 2 (P2), and multiple
innervation of a Purkinje cell by climbing fibers is found by P3
(Crépel et al., 1981). Parallel fiber synapse formation begins at
approximately P7 (with possible rare exceptions). Inhibitory syn-
apses do not form on Purkinje cells before this time. Thus, this
first stage (;P2–P5) of Purkinje cell innervation results in the
formation of synapses from multiple climbing fibers contacting
somatic processes of Purkinje cells. The second stage (;P10–
P14) includes (1) outgrowth of the Purkinje cell–dendrite ar-
borization, (2) multiple innervation of these dendrites by parallel
fiber–dendrite spine synapses, and (3) formation of climbing
fiber–Purkinje dendrite spine synapses, with loss of climbing
fiber–Purkinje somal synapses and reduction to one climbing fiber
per Purkinje cell by approximately P15 in most cases (Crépel et
al., 1981; Mariani and Changeux, 1981). The final stage (;P21–
adult) involves final maturation of excitatory synapses on Purkinje
cells; adult Purkinje cells are innervated by many parallel fibers
plus numerous synaptic contacts from one climbing fiber.

The present study uses the Purkinje cell as a model system to
examine how glutamate receptor targeting may be developmen-
tally regulated and to determine when the adult receptor pattern
is established. These questions are explored by studying the
development of delta and AMPA receptors at parallel and climb-
ing fiber synapses on Purkinje cells using postembedding immu-
nogold. Although several kinds of glutamate receptors are found
in developing and adult parallel and climbing fiber synapses, the
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present study concentrates on AMPA and delta receptors be-
cause their distributions at adult Purkinje cell synapses have been
well characterized and differential distribution of delta receptors
has been shown in adult Purkinje cells (Landsend et al., 1997;
Zhao et al., 1997).

MATERIALS AND METHODS
Antibodies. Antibody production, purification, and characterization have
been described previously (Wenthold et al., 1992; Mayat et al., 1995;
Petralia et al., 1997). GluR2/3 antibody also is referred to as GluR2/3/4c
because it recognizes the variant GluR4c (Gallo et al., 1992). These
antibodies have been used in a number of immunogold studies (Phend et
al., 1995; Matsubara et al., 1996; Popratiloff et al., 1996; Petralia et al.,
1997; Rubio and Wenthold, 1997; Nusser et al., 1998; Wang et al., 1998),
including descriptions of labeling in parallel and climbing fiber synapses
in adults (Nusser et al., 1994; Landsend et al., 1997).

Postembedding immunogold. The technique used in the present study
has been described (Petralia et al., 1997; Rubio and Wenthold, 1997;
Wenthold et al., 1997; Petralia and Wenthold, 1998; Wang et al., 1998)
and is a modification of a technique published previously (Matsubara et
al., 1996; Landsend et al., 1997). Male Sprague Dawley rats were anes-
thetized and perfused transcardially (10 min for adults; 5 min for
juveniles) as described previously (Petralia and Wenthold, 1992; Petralia
et al., 1994, 1997; Zhao et al., 1997). Animals weighed as follows: adults,
151 and 156 gm; P21, 48 and 51 gm; P14, 26 and 26 gm; P10, 19 and 21
gm; P5, 12 and 15 gm; and P2, 7 and 8 gm. The fixative used was 4%
paraformaldehyde plus 0.5% glutaraldehyde in 0.12 M phosphate buffer,
pH 7.2–7.3. Brains were removed, fixed, washed, and sectioned with a
vibratome (Pelco DTK-3000W microslicer). Washing and vibratomy
were performed in phosphate buffer (0.1 M with 4% glucose); then tissue
(200 mm parasagittal sections) was cryoprotected using a series of 10, 20,
and 30% glycerol (last step overnight) in 0.1 M phosphate buffer and was
plunge-frozen in liquid propane in a Leica EM CPC. Frozen tissue was
immersed in 1.5% uranyl acetate in methanol at 290°C in a Leica AFS
freeze-substitution instrument, infiltrated in Lowicryl HM 20 resin at
245°C, and polymerized with UV light (245 to 0°C). Thin sections were
cut on a Leica Reichert Ultracut S ultramicrotome and collected on
nickel grids (Electron Microscopy Sciences, Fort Washington, PA).

Thin sections on grids were incubated in 0.1% sodium borohydride 1
50 mM glycine in Tris-buffered saline and 0.1% Triton X-100 (TBST) for
10 min. Grids were incubated in blocking serum in TBST for 10 min [plus
10% normal goat serum (NGS)]. Then grids were incubated in primary
antibody in NGS/TBST for 2 hr, followed by washes in TBST, blocking
in NGS/TBST, and incubation in 1:20 immunogold in NGS/TBST plus
0.5% polyethylene glycol (20,000 molecular weight). Ten nanometer
immunogold particles (Amersham, Arlington Heights, IL) were used for
single labeling, and 10 and 30 nm particles (30 nm gold, used for GABA
localization, from Goldmark, Phillipsburg, NJ) were used for double
labeling. For double labeling (two animals), immunolabeling first was
completed for delta 1/2 antibody using a 10 nm gold-conjugate; then
sections were kept at 80°C for 1 hr in a chamber containing 3 gm of
paraformaldehyde (Wang and Larsson, 1985; Matsubara et al., 1996;
Landsend et al., 1997), followed by washing in water and TBST, incuba-

tion in 1% normal goat serum in TBST, and incubation with GABA
polyclonal antibody [1:100; characterized in Wenthold et al. (1986)] in
1% NGS/TBST; further steps were done as outlined above (except that
serum was used always at 1%). After washes, sections were dried and
stained with 1% uranyl acetate and 0.3% lead citrate.

Concentrations of primary antibodies (GluR1, 4.1 mg/ml; GluR2, 4
mg/ml; GluR2/3, 1.3 mg/ml; delta 1/2, 0.7 mg/ml) were selected to pro-
duce little or no background immunogold labeling. Such background
artifactual staining was examined in both control sections and within the
experimental sections, in structures that are presumed not to contain
glutamate receptors. Immunogold-labeled sections were considered ac-
ceptable if they showed little or no labeling inside the mitochondria and
nucleus.

Areas surveyed. Sections were taken from the same region of the
cerebellum (folia III–V) for all ages to eliminate variations attributable
to regional differences in cerebellar structure and function and to differ-
ences in the timing of ontogenesis; i.e., posterior folia develop more
rapidly than anterior ones in early postnatal times, and this can affect the
level of glutamate receptor expression (Takayama et al., 1996).

Parallel and climbing fiber synapses were identified by established
criteria (Mugnaini, 1972; Palay and Chan-Palay, 1974; Altman and
Bayer, 1997) as noted previously (Zhao et al., 1997). All synapses in the
Purkinje cell layer were included for P2 and P5 to get an adequate count,
because synapses are very uncommon at these ages. It is likely that all or
nearly all of these synapses originate from climbing fibers; any other kind
of Purkinje afferent synapse is either very rare or not present at these
ages (Altman and Bayer, 1997). Altman and Bayer (1997) suggest that
climbing fibers also can form synapses on Golgi cells adjacent to Purkinje
cells at P5, but no synapses associated with putative Golgi cells, as
described by Altman and Bayer (1997), were photographed in the present
study.

Thin sections were examined from one block from each of two animals
at each age (P2, P5, P10, P14, P21, and adult) for each antibody (GluR2,
GluR2/3, and delta 1/2; only P2, P10, and adult for GluR1). All identified
climbing fiber synapses were included in counts, because these synapses
are uncommon. Parallel fiber synapses were sampled by selecting an area
in the middle of the molecular layer and counting all parallel fiber
synapses.

Immunogold counts at synapses included all gold particles found in the
synaptic cleft and postsynaptic density (Rubio and Wenthold, 1997;
Wang et al., 1998). Synapse measurements were taken on 50,0003 prints.
Because these synapses tend to be highly curved, measurements of
postsynaptic membrane/density lengths were done by tracing them on a
Summagraphics tablet and analyzing them with the Neurolucida image
analysis system (Microbrightfield, Colchester, VT). Statistical analyses
(t test, two sample assuming unequal variances) were done using Mi-
crosoft Excel (4.0). Statistical significance ( p , 0.01) was tested for the
number of gold particles per micrometer of postsynaptic density for each
antibody (delta 1/2, GluR2/3, and GluR2). GluR1 labeling was studied
qualitatively only. The number of gold particles per micrometer of
postsynaptic density was calculated by taking the sum of the individual
values of the number of gold particles per micrometer of postsynaptic
density per synapse and dividing by the number of synapses (Rubio and
Wenthold, 1997; Wang et al., 1998). All identified synapses were counted,

Table 1. The comparison of distribution of delta receptor at different ages of the cerebellum

Number of
synapses

Average length of PSDa

(M 6 SE)
Average number of
gold/synapse (range)

Number of gold/mm
(M 6 SE)

2 d CF 62 0.29 6 0.01 0.24 (0–2) 1.0 6 0.35
5 d CF 36 0.27 6 0.02 0.61 (0–4) 2.60 6 0.84

10 d
PF 31 0.28 6 0.02 5.52 (1–17) 21.23 6 3.08
CF 46 0.33 6 0.02 3.35 (0–9) 11.70 6 1.57

14 d
PF 40 0.29 6 0.01 6.10 (1–12) 20.13 6 1.23
CF 52 0.38 6 0.02 5.40 (0–16) 15.34 6 1.16

21 d
PF 74 0.27 6 0.01 6.76 (0–19) 25.24 6 1.20
CF 31 0.27 6 0.02 0.42 (0–2) 1.84 6 0.50

Adult
PF 109 0.32 6 0.01 8.27 (1–19) 26.06 6 0.92
CF 28 0.32 6 0.02 0.46 (0–3) 1.53 6 0.41

aPSD, Postsynaptic density measured in micrometers; number of gold/mm, number of gold particles per micrometer; M 6 SE, mean 6 SE; CF, climbing fiber synapse; and
PF, parallel fiber synapse. The increase in number of gold/mm for CFs from P5 to P10 and the subsequent decrease from P14 to P21 were statistically significant ( p , 0.01).
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including those that had no gold; a previous study (Nusser et al., 1994)
quantified immunogold labeling for GluR2/3 in parallel fiber synapses
but excluded synapses with no gold particles and thus is not directly
comparable with the present study. An additional study was done on
immunolabeling of climbing fiber synapses on dendrites versus cell
bodies; counts were compared at P10 and P14 using antibodies to delta
1/2 and GluR2/3. In this case, counts of gold particles found in those
climbing fiber synapses included with the main counting study (described
above) were combined with counts from additional climbing fiber syn-
apses and presented as a single average number of gold particles per
synapse.

Controls. NGS/TBST was substituted for the primary antibody in
sections from all six ages for both animals. For double-labeling studies,
1% NGS/TBST was used instead of GABA antibody for the second
antibody run on some sections from both animals.

RESULTS
Delta 1/2
Immunogold labeling of synapses for delta 1/2 (Table 1; Figs. 1, 2,
3, 4) was low at P2 and P5, with an average of less than one gold
particle per synapse; presumably all synapses are from climbing
fibers at these ages, as explained in Materials and Methods. At

P10 and P14, immunogold labeling of parallel fiber synapses was
high and increased only slightly by P21 and in adults. In contrast,
immunogold labeling of climbing fiber synapses was high at P10
and P14 but was low at P21 and in adults.

Because delta receptor immunolabeling was high in parallel
fiber synapses at all ages but high in climbing fiber synapses only
at P10 and P14, it is possible that delta receptors lack selective
targeting mechanisms at these ages and are high in the postsyn-
aptic membrane of all excitatory and inhibitory synapses. How-
ever, in a double immunogold-labeling study, delta receptor im-
munolabeling was absent from GABAergic synapses at P10 (Fig.
4); it also was absent from similar synapses seen at P14 (although
GABA immunolabeling was not done at this age). Moreover, the
high density of immunolabeling for delta receptors at both par-
allel and climbing fiber synapses at P10 and P14 was found only at
synapses (parallel and climbing) on dendrites. This comparison
of climbing fiber synapses on somata and dendrites was done in
addition to the main study presented in the tables, as described in
Materials and Methods. Climbing fiber–somal synapses typically

Figure 1. Immunogold labeling (10 nm gold) for delta 1/2 in the adult (a) and P21 (b, c) cerebellum. Note the abundant labeling of parallel fiber ( pf )
synapses and the low level or absence at climbing fiber (cf ) synapses. Arrowheads indicate the postsynaptic densities/membranes (found on the heads of
spines). P, Purkinje cell dendrite. Scale bar, 0.5 mm.
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had low to moderate levels of delta receptor immunolabeling at
P10 and P14 (climbing fiber–somal synapses were not found at
P21 or in adults). Thus, at P10, there was an average of 5.6 gold
particles/synapse (n 5 40) for dendrite–climbing fiber synapses
versus an average of 0.5 gold particles/synapse (n 5 33) for
somal–climbing fiber synapses; at P14, there was an average of 7.2
gold particles/synapse (n 5 59) for dendrite–climbing fiber syn-
apses versus an average of 0.8 gold particles/synapse (n 5 28) for
somal–climbing fiber synapses. Note that each of these pairs of
values for number of gold particles/synapse would have a mean
value approximately similar to the number of gold particles/
climbing fiber synapse shown in Table 1 (in which the soma vs
dendrite localization of the synapse was not examined).

GluR2/3
Immunolabeling with GluR2/3 antibody was highest in synapses
at P2 and at climbing fiber synapses at P21 and in adults (Table 2;
Figs. 3, 5). In contrast, immunolabeling was low to moderate in
parallel fiber synapses at all ages and lowest in adult parallel fiber
synapses.

This labeling pattern was characterized further to determine
whether any pattern of differential distribution was present
among the climbing or parallel fiber synapses. First, possible
differences between somal– and dendrite–climbing fiber synapses
were examined during development. Unlike the findings for delta
receptor immunolabeling at P10 and P14, no distinctive differ-
ence was seen in immunolabeling between climbing fiber syn-

Figure 2. Immunogold labeling for delta 1/2 at P14 (a, b), P10 (c, d), and P2 (e). Both parallel fiber ( pf ) and climbing fiber (cf ) synapses show abundant
gold labeling at P10 and P14 in contrast to that seen at P21 and in the adult. Arrowheads indicate the postsynaptic densities/membranes. P, Purkinje cell
dendrite. Scale bar, 0.5 mm.
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apses of the soma and dendrites (no climbing fiber–somal syn-
apses were found in adults, and only one was found at P21; Fig.
5d). Thus, at P10, there was an average of 2.8 gold particles/
synapse (n 5 28) for dendrite–climbing fiber synapses versus an
average of 2.9 gold particles/synapse (n 5 60) for somal–climbing
fiber synapses; at P14, there was an average of 3.1 gold particles/
synapse (n 5 24) for dendrite–climbing fiber synapses versus an

average of 2.7 gold particles/synapse (n 5 29) for somal–climbing
fiber synapses. Second, the low density of immunolabeling in
parallel fiber synapses might reflect a sampling bias, because
micrographs of parallel fiber synapses were taken from the middle
of the molecular layer only. However, in adults, comparison of
GluR2/3 immunolabeling of parallel fiber synapses from the
lower 2/5 (n 5 80), middle 2/5 (n 5 77), and upper 1/5 (n 5 60;
sampling method based on demarcation of molecular layer por-
tions by grid holes) of the molecular layer showed no difference in
density for the lower two portions and only a slight difference in
density for the upper 1/5 portion (;25% lower; data not shown).

GluR2
The pattern of immunolabeling for GluR2 was similar overall to
the pattern seen for GluR2/3, although the density of the immu-
nogold labeling was relatively low (Table 3; Figs. 3, 6). Immuno-
labeling with GluR2 antibody was moderate in synapses at P2 and
reached the highest levels in climbing fiber synapses at P21 and in
the adult. In contrast, immunolabeling was low in parallel fiber
synapses at P10 and P14 and lowest in P21 and adult parallel fiber
synapses.

GluR1
Assessment of GluR1 immunolabeling at P2, P10, and in the adult
showed that immunogold labeling is most abundant in both par-
allel and climbing fiber synapses at P10 (Fig. 7).

Controls
All control sections were negative. Gold particles were not found
in synapses and were absent or rare in other structures. Control
sections for double labeling showed levels and distributions of 10
nm gold particles for delta receptors similar to those on the
experimental sections, but 30 nm gold particles for GABA were
absent or rare.

DISCUSSION
The present study shows that synapse-specific targeting of gluta-
mate receptors in Purkinje cells is developmentally regulated,
with the postsynaptic receptor composition established during
synapse maturation. This is illustrated dramatically for the delta
1/2 immunolabeling that shows very different distributions be-
tween climbing and parallel fiber synapses at various stages of
development (Fig. 8). Delta receptor immunolabeling is low in
the earliest synapses, i.e., climbing fiber synapses that form on the
Purkinje cell soma in the first postnatal week and remain through
the second week. Delta receptor immunolabeling is abundant in
both climbing and parallel fiber synapses on dendrites in the
second postnatal week, when the adult pattern of synapses is
established yet is absent from GABAergic synapses. In the adult,
delta receptor immunolabeling remains high only at parallel fiber
synapses. The AMPA receptors showed a less striking develop-
mental change; GluR2 and GluR3 subunits are generally high in
climbing fiber synapses at all ages and somewhat lower in parallel
fiber synapses.

The reason why such a distinctive differential distribution of
delta receptors is established in adult Purkinje cell synapses is not
clear but most likely is related to Purkinje cell plasticity, which
involves a Purkinje cell-specific form of long-term depression of
parallel fiber synapses (Linden, 1994). Using a thin slice whole-cell
patch-clamp technique, Kashiwabuchi et al. (1995) showed that
long-term depression is impaired in delta 2 knock-out mice and
suggest that delta receptors are linked specifically with long-term
depression of adult parallel fiber synapses; this would explain the

Figure 3. Histograms illustrating the changes in immunogold labeling for
delta 1/2 (top), GluR2/3 (middle), and GluR2 (bottom) in the postsynaptic
density/membrane (PSD) of parallel fiber (PF ) and climbing fiber (CF )
synapses on Purkinje cells during development of the cerebellum. Note
especially the large differences in the pattern of immunolabeling between
delta 1/2 and GluR2/3 and GluR2 at P2–P5 and P21–adult. Lower levels
of immunogold labeling for CF versus PF (delta 1/2) or for PF versus CF
(GluR2/3; GluR2) were statistically significant ( p , 0.01) at P10
(GluR2/3 only), at P14 (GluR2 only), and at P21 and in adults for all three
antibodies. For delta 1/2, statistical significance also was found for the
following: P5 CF versus P10 CF, P14 CF versus either P21 or adult CF,
and P14 PF versus P21 PF.
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Figure 4. Colocalization of GABA (30 nm gold) neurotransmitter and delta 1/2 receptors (10 nm gold) at P10. Note the absence of GABA labeling in
parallel fiber ( pf ; a, b) and climbing fiber (cf ; b) terminals and the abundant labeling for GABA in Purkinje cell dendrites (P; b) and somata (P; c, d)
and in pleomorphic vesicle-containing synaptic terminals ( i). Delta receptor labeling is abundant in the postsynaptic density/membrane of parallel and
climbing fiber synapses (arrowheads) but is absent from GABAergic synapses (arrows). Scale bar, 0.5 mm.
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preferential abundance of delta receptor immunolabeling at these
synapses. The actual role of delta receptors in parallel fiber long-
term depression is unknown (Jeromin et al., 1996); delta receptors
probably form ion channels (Zuo et al., 1997), but otherwise, little
is known about delta glutamate receptor function.

Developmental regulation of receptor targeting
Delta and AMPA receptors show different synaptic distribu-
tion patterns in each of three main stages in Purkinje cell
synaptogenesis, represented in this study by P2 and P5 (stage
1), P10 and P14 (stage 2), and P21 and adult (stage 3). During
stage 1, climbing fibers form most or all of the Purkinje cell
synapses; these synapses contain abundant GluR2/3 and GluR2
immunolabeling and yet contain only low immunolabeling for
delta 1/2. The presence of substantial immunogold labeling for
GluR2 and GluR3 receptor subunits is consistent with physi-
ological studies showing climbing fiber-induced potentials in
Purkinje cells in rats as early as P2 (Crépel et al., 1981).
Physiological evidence suggests that AMPA/kainate receptors
are present in Purkinje cells at P4 and function similarly to
receptors at later ages (P12–P18) (Häusser and Roth, 1997).
Delta 2 receptors are present in the embryonic and early
postnatal mouse brain (Takayama et al., 1996); the weak signal
for mRNA seen in the anterior folia corresponds to the low
level of synaptic immunolabeling seen in the present study.

The P10–P14 stage is marked by the widespread abundance of
delta and AMPA receptors; delta 1/2, GluR2/3, GluR2, and GluR1
immunolabeling are relatively high in both parallel and climbing
fiber synapses. This is a period of great activity in Purkinje cells,
marked by the differentiation of the dendrite arborization, prolif-
eration of parallel fiber synapses, formation of climbing fiber/
dendrite synapses, and loss of multiple climbing fiber innervation
(Crépel et al., 1981; Mariani and Changeux, 1981; for review, see
Altman and Bayer, 1997). Experimental studies using delta 2
knock-out mice (Kashiwabuchi et al., 1995; Kurihara et al., 1997)
implicate delta 2 in the formation of both parallel and climbing
fiber synapses. Lack of delta 2 protein results in problems in motor
coordination, fewer spine synapses on Purkinje cell dendrites evi-
dent by P14, an increase in the number of spines without synaptic
contacts, prevalence in adults of multiple innervation of Purkinje
cells by climbing fibers, as well as impairment of long-term depres-
sion. In fact, Kashiwabuchi et al. (1995) suggest that the function of
delta 2 may be pleiotropic, so that it plays independent roles in
long-term depression of parallel fiber synapses and in the forma-

tion of parallel and climbing fiber synapses. This second function
could explain the findings of the present study in which delta
receptor immunogold labeling was highest in the younger glutama-
tergic synapses at P10–P14, i.e., parallel fiber– and climbing fiber–
dendrite synapses versus climbing fiber–somal synapses [prelimi-
nary evidence of delta 1/2 in both parallel and climbing fiber
synapses at P10 was noted in Zhao et al. (1997) using a pre-
embedding immunoperoxidase method]. In contrast to glutamater-
gic synapses, no delta receptor immunolabeling was seen in
GABAergic synapses. The high level of delta receptor immunola-
beling in parallel and climbing fiber synapses in the second post-
natal week may help stabilize these synapses, as suggested for
parallel fiber synapses by Kurihara et al. (1997). This stabilization
also might play a role in the removal of supernumerary innervation
by climbing fibers (Kurihara et al., 1997). However, this does not
explain the high levels of delta receptor immunolabeling seen in
climbing fiber synapses in the second postnatal week. It may be that
delta receptors also are stabilizing those climbing fiber synapses
that are destined to be retained in the adult. The question will
require further study combining delta receptor immunocytochem-
istry in developing climbing fiber synapses with tracer studies of the
innervating climbing fibers to correlate delta receptor expression
with innervation pattern.

Our data support a model in which glutamate receptor
distribution develops in three stages that correspond to the
three stages of Purkinje cell synapse ontogeny shown in Figure
8. The ages selected in this study are representative of these
three stages. First, in the early stages of Purkinje cell synap-
togenesis, regulation of expression of receptors at synapses
would be controlled by the level of receptor protein synthesis.
Thus, the high level of immunogold labeling with GluR2 and
GluR2/3 antibodies in climbing fiber synapses at P2 and P5
would result from a high level of synthesis of GluR2 and GluR3
subunits (Bergmann et al., 1996), whereas the low level of
immunogold labeling for the delta 1/2 antibody in climbing
fiber synapses at these ages would result from a low level of
synthesis of delta 2 subunits (Takayama et al., 1996). The
initial clustering of AMPA receptors at these synapses may be
independent of receptor activation or the presence of other
kinds of glutamate receptors (O’Brien et al., 1997). However,
the role played by specific targeting mechanisms at this stage is
unknown and cannot be determined by these data. Second, as
synapse input becomes more diverse and abundant, expression

Table 2. The comparison of distribution of GluR2/3 receptor at different ages of the cerebellum

Number of
synapses

Average length of PSDa

(M 6 SE)
Average number of
gold/synapse (range)

Number of gold/mm
(M 6 SE)

2 d CF 89 0.28 6 0.01 2.60 (0–8) 9.05 6 0.70
5 d CF 73 0.31 6 0.01 1.99 (0–7) 6.69 6 0.73

10 d
PF 38 0.29 6 0.02 0.84 (0–4) 3.05 6 0.52
CF 54 0.34 6 0.01 2.5 (0–7) 7.15 6 0.66

14 d
PF 29 0.31 6 0.02 1.41 (0–5) 4.68 6 1.05
CF 29 0.43 6 0.02 2.45 (0–5) 5.88 6 0.75

21 d
PF 61 0.29 6 0.01 0.74 (0–8) 2.44 6 0.52
CF 24 0.27 6 0.01 3.0 (0–8) 10.83 6 1.64

Adult
PF 162 0.31 6 0.01 0.67 (0–6) 2.07 6 0.28
CF 24 0.29 6 0.02 2.88 (0–7) 9.81 6 1.16

aPSD, Postsynaptic density measured in micrometers; number of gold/mm, number of gold particles per micrometer; M 6 SE, mean 6 SE; CF, climbing fiber synapse; and
PF, parallel fiber synapse.
The lower number of gold/mm at PFs versus CFs at P10, P21, and adult was statistically significant (P , 0.01).
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Figure 5. Immunogold labeling for GluR2/3 in the postsynaptic density/membrane (arrowheads) of parallel fiber ( pf ) and climbing fiber (cf ) synapses
on Purkinje cells (P; dendrites in c, f; somata in d, g) during development. a, c, Adult; b, d, P21; e, f, P14; g, h, P10; i, P5; and j, P2. Note the higher labeling
of climbing fiber synapses compared with that of parallel fiber synapses. Scale bar, 0.5 mm.
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of glutamate receptors at synapses would be limited to gluta-
matergic synapses (Craig et al., 1994). At P10 and P14, Pur-
kinje cells form large quantities of delta 2 receptors that then
accumulate at the numerous, new parallel and climbing fiber
synapses yet are excluded from GABAergic synapses. Finally,
as the synapses mature, receptor subtypes would be targeted
selectively to different excitatory synapse populations; this
would account for the dramatic difference in delta receptor
immunolabeling between parallel and climbing fiber synapses
at P21 and in the adult.

Mechanisms of synaptic targeting of receptors during
synapse development
These varied distributions of delta receptors are independent of
synapse position on the cell. Delta receptor protein, presumably

synthesized in the soma [based on mRNA localization during
development and in adults (Araki et al., 1993; Lomeli et al., 1993;
Takayama et al., 1996)], must bypass many synapses en route to
other synapses where it will accumulate. Such a phenomenon
must entail some active mechanisms for developmental regulation
of targeting.

Glutamate receptor molecules that are synthesized in the Pur-
kinje cell body must somehow be sorted, targeted to the proper
synapses, and inserted into the postsynaptic membrane. Differ-
ential distribution, as seen with delta 2, is determined at some
point in this process. It is not clear where this occurs, but the two
extreme possibilities are that this selective targeting is deter-
mined either in the cell body or at the postsynaptic density. In the
first case, the sorted receptors would need to be transported

Table 3. The comparison of distribution of GluR2 receptor at different ages of the cerebellum

Number of synapses
Average length of PSD
(M 6 SE)

Average number of
gold/synapse (range)

Number of gold/mm
(M 6 SE)

2 d CF 67 0.28 6 0.01 0.91 (0–3) 3.39 6 0.46
5 d CF 64 0.34 6 0.01 0.78 (0–4) 2.5 6 0.42

10 d
PF 41 0.25 6 0.01 0.32 (0–2) 1.5 6 0.43
CF 38 0.35 6 0.02 0.95 (0–4) 2.6 6 0.45

14 d
PF 24 0.24 6 0.01 0.25 (0–1) 1.02 6 0.39
CF 48 0.35 6 0.02 1.08 (0–4) 3.01 6 0.44

21 d
PF 70 0.27 6 0.01 0.11 (0–2) 0.37 6 0.14
CF 26 0.28 6 0.02 1.12 (0–4) 4.43 6 0.78

Adult
PF 92 0.34 6 0.01 0.18 (0–4) 0.53 6 0.15
CF 23 0.30 6 0.02 1.43 (0–4) 5.46 6 0.86

Abbreviations listed on bottom of Table 2. The lower number of gold/mm at PFs versus CFs at P14, P21, and adult was statistically significant ( p , 0.01).

Figure 6. Immunogold labeling for GluR2 in the postsynaptic density/membrane (arrowheads) of parallel fiber ( pf ) and climbing fiber (cf ) synapses on
Purkinje cells during development. a, Adult; b, P21; c, d, P14; and e, P2. Note the higher labeling of climbing fiber synapses compared with that of parallel
fiber synapses. P, Purkinje cell dendrite. Scale bar, 0.5 mm.
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separately from the cell body through the dendrite and to the
synapses. In the second case, the receptors could be transported
indiscriminately throughout the cell body and dendrite, with
selection of receptors limited to the postsynaptic membrane of

each kind of synapse. In both cases, the sorting presumably
involves a selective association of the receptor molecule with
other proteins specific to each kind of receptor. Some of these
proteins associate with and may anchor the receptors to the

Figure 7. Immunogold labeling for GluR1 in the postsynaptic density/membrane (arrowheads) of parallel fiber ( pf ) and climbing fiber (cf ) synapses on
Purkinje cells during development. a, b, Adult; c, d, P10; and e, P2. Note the high level of staining at P10. Most synapses at P2 were not labeled as highly
as those in the example shown. P, Purkinje cell dendrite (b) and somata (c, e). Scale bar, 0.5 mm.
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postsynaptic membrane and include proteins specific for NMDA
(Kornau et al., 1995; Müller et al., 1996; Niethammer et al., 1996;
Rao et al., 1998) and AMPA (Dong et al., 1997) receptors. Thus,
one possibility is that delta receptors are selectively retained at
parallel fiber synapses by some delta receptor-specific protein
associated with the postsynaptic density of parallel fiber synapses.
Such an anchoring protein might appear in postsynaptic areas of
both parallel and climbing fiber synapses beginning at approxi-
mately P10 and then be lost from climbing fiber synapses begin-
ning at approximately P21. Further study is needed to identify
such proteins and their specific roles in targeting mechanisms.
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