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Summary

PKCy is highly expressed in Purkinje cells (PCs) but
not in other types of neurons in the cerebellum. The
expression of PKCy changes markedly during cerebel-
lar development, being very low at birth and reaching
a peak around the third postnatal week. This temporal
pattern of PKCy expression coincides with the devel-
opmental transition from multiple to single climbing
fiber innervation onto each PC. In adult mutant mice
deficient in PKCy, we found that 41% of PCs are still
innervated by muitiple climbing fibers, while other as-
pects of the cerebellum including the morphology and
excitatory synaptic transmission of PCs appear nor-
mal. Thus, elimination of multiple climbing fiber in-
nervation appears to be specifically impaired in the
mutant cerebellum. We suggest that the develop-
mental role of PKCy may be to act as a downstream
element in the signal cascade necessary for the elimi-
nation of surplus climbing fiber synapses.

Introduction

Protein kinase C (PKC) is richly represented in neural tis-
sues and has been implicated in a variety of neuronal
functions, including modulation of ion channel activity and
synaptic transmission (Tanaka and Nishizuka, 1994). Ten
isoforms of PKC have been identified in mammalian tis-
sues that differ in most biochemical properties and expres-
sion patterns (Nishizuka, 1992; Tanaka and Nishizuka,
1994). The y isoform (PKCy) is expressed solely in the
neurons of the brain and spinal cord (Saito et al., 1988).
Subcellular localization studies indicate that PKCy is pres-
ent primarily in the soma and dendritic processes of neu-
rons (Huang et al., 1988; Kose et al., 1988; Tanaka and

Saito, 1992). The expression of PKCy is developmentally
regulated, being very low at birth and increasing progres-
sively up to 2-3 weeks of age in the rat (Hashimoto et al.,
1988).

Mice deficient in PKCy have modified long-term potenti-
ation (LTP) in the hippocampus (Abeliovich et al., 1993a)
and exhibit mild deficits in spatial and contextual learning
(Abeliovich et al., 1993b). Furthermore, these mice are
mildly ataxic and show a decreased effect of ethanol on
behaviors (Harris et al., 1995; Chen et al., 1995 [this issue
of Celf). Since PKCy is highly expressed in cerebellar Pur-
kinje cells (PCs) (Huang et al., 1988; Kose et al., 1988;
Saito et al., 1988; Tanaka and Saito, 1992) and has been
implicated in synaptogenesis (Herms et al., 1993; Moriya
and Tanaka, 1994) and synaptic plasticity (Crepel and
Krupa, 1988; Crepel and Jaillard, 1991; Linden and Con-
nor, 1991; Linden, 1994; Hemart et al., 1995) in the cere-
bellum, we analyzed the development of the cerebellum
in PKCy mutant mice. The effects of the PKCy deficiency
on the synaptic mechanisms for motor coordination and
for discrete motor learning are addressed in the accompa-
nying paper (Chen et al., 1995).

PCsinthe cerebellum receive distinct types of excitatory
inputs from parallel fibers (PFs) and climbing fibers (CFs)
(to, 1984; Palay and Chan-Palay, 1974). PFs consist of
the bifurcated axons of granule cells and synapse onto
the dendritic spines of PCs. Each PF synapse is weak,
but one PC receives inputs from approximately 10% PF
synapses. In contrast, CFs originate from the inferior olive
and form strong excitatory synapses on proximal dendrites
of PCs. In an adult mouse, each PC is innervated by a
single CF. These two distinct types of excitatory synapses
are generated and modified dynamically during postnatal
development. During early postnatal rodent development,
PCs are multiply innervated by CFs (Crepel, 1982): at post-
natal day five (P5), three to four CFs innervate single PCs.
Thereafter, PF-PC synapses are continuously generated
concurrent with the migration of granule cells from the
external granular layer to the internal granular layer. Mas-
sive elimination of supernumerary CFs occurs during the
second and third postnatal weeks until a one-to-one rela-
tion between CFs and PCs is attained at approximately
P21. This relation is then maintained through aduilt life. in
situ hybridization analysis shows that the expression of
PKCy in the cerebellum exhibits a peak during the third
postnatal week (Herms et al., 1993; Moriya and Tanaka,
1994). This observation is consistent with the notion that
PKCy plays a role in the elimination of CFs.

In this study, neither light nor electron microscopic ob-
servations revealed any anatomical abnormalities in the
cerebella of PKCy mutant mice. Electrophysiological re-
cordings indicated that both CF-and PF-PC synapses are
functional. However, about 40% of PCs in mature mutant
mice were multiply innervated by CFs. On the other hand,
PF-PC synaptic transmission appeared normal. These re-
sults indicate that PKCy is a key molecule required for the
elimination of surplus CFs during cerebellar development.
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Results

Morphology of PKCy Mutant Cerebellum

Cerebelia of PKCy mutant mice appear morphologicaily
indistinguishable from those of wild-type mice at the gross
anatomical level. Histologically, the cerebella of the mu-
tant mice exhibited well-developed foliation, comparable
to that of the wild-type mice (Figures 1A and 1B). Laminar
organization of the cerebellular cortex, including the gran-
ular cell, the PC, and molecular layers, is clearly discern-
ible in PKCy mutant mice. Morphology of PCs was exam-
ined by immunohistochemistry with antibody against spot
35/calbindin, a cytosolic Ca?*-binding protein specific to
PCs (Garcia-Segura et al., 1984; Yamakuni et al., 1984).
In both mutant and wild-type mice, PCs align in monolayer
between the granular and molecular layers, and well-
differentiated dendritic abors extend from the apical pole
toward the pial surface (Figures 1C and 1D). In addition,
numerous tiny punctations representing spines of the PCs
were observed along the dendritic trees (insets in Figures
1C and 1D).

Synapses in the molecular layer were examined by elec-
tron microscopy. In both wild-type and mutant mice, the
majority of these structures were asymmetric and con-
sisted of presynaptic axonal terminals containing clear
round vesicles and postsynaptic dendritic spines with
marked postsynaptic density (Figure 2). These structures
are typical of PF-PC synapses. When quantitated on elec-
tron micrographs, the number of synapses having these
characteristics was 22.0 + 0.9 per 100 um? (mean +
SEM,n = 10),21.9 + 0.8,and 18.1 + 0.8forthree mutant

Figure 1. Histological and Immunohistochem-
ical Analyses of the PKCy Mutant and Wild-
Type Cerebella

(A and B) Toluidine blue-stainied sagittal sec-
tions through the cerebellar vermis, from PKCy
mutant (A) and wild-type (B) mice.

(C and D) Cerebellar cortex, from PKCy mutant
(C) and wild-type (D) mice, immunostained for
spot 35/calbindin.

The lobule number of the mouse cerebellum
is indicated as 1-10, according to Marani and
Voogd (1979). The rostral is to the left, and dor-
sal is to the top in (A) and (B). P, pia matter.
Scale bars: (A) and (B), 1 mm; (C) and (D), 20
um; insets, 50 um.

mice,and23.0 + 0.8,22.8 + 1.1,and20.7 + 0.8 forthree
wild-type mice, with no significant difference between the
mutant and wild-type mice (p = 0.19, t test). These obser-
vations suggest that the deletion of the PKCy gene did
not affect gross development of the cerebellar anatomy,
differentiation of the PC morphology, and the formation
of the PF-PC synapses.

Mutant PCs Are Multiply Innervated by CFs
In sagittal cerebellar slices prepared from 22- to 25-day-old
(P22-P35) wild-type mice or age-matched mutant ani-
mals, CFs were stimulated in the granule cell layer and
evoked responses in single PCs that were recorded using
patch—clamp techniques in the whole-cell configuration
(Konnerthetal., 1990; Llano etal., 1991; Kano et al., 1992).
In all wild-type PCs but one, a large excitatory postsynaptic
current (EPSC) was elicited in an all-or-none fashion as
the stimulus intensity was gradually increased (pulse width
0.1 ms, strength 0—100 V) (Figure 3A). By contrast, in 41%
(29 out of 71) of mutant PCs, CF-mediated EPSCs (CF-
EPSCs) had two or three discrete steps when the stimulus
intensity was above the threshold (Figure 3A). Frequency
distribution of PCs in terms of number of CF-EPSC steps
(Figure 3B, left) shows significant difference between the
wild-type and mutant mice (p < 0.001, ¥? test). This indi-
cates that, during P22-P35, most PCs in the wild-type
mice are innervated by single CFs, while more than 40%
of mutant PCs are innervated by multiple CFs.

This difference of CF innervation between wild-type and
PKCy mutant mice during P22-P35 could be due to the
retardation of general cerebellar maturation in the mutant



Muitiple CF Innervation in PKCy Mutant
1225

mice. To assess this possibility, we examined CF-EPSCs
in older mice (P50-P70) (Figure 3B, right). All but one
wild-type PC had exclusively single CF responses, while
31% (10 out of 32) of mutant PCs had multiple steps. The
distributions were significantly different between the wild-
type and mutant mice (p < 0.001, x?). Thus, substantial
percentages of mutant PCs remain multiply innervated by
CFs even in 7- to 10-week-old mice, suggesting that the
notion of the retardation of general maturation is unlikely
to be correct.

Kinetics, Short-Term Plasticity, and I-V
Relations of CF-EPSCs Are Normal
To examine whether the kinetics of CF-EPSCs were al-
tered in the mutant mice, we measured the 10%-90%
rise time and the decay time constant of CF-EPSCs in
the wild-type and mutant mice (Table 1). The decay time
constants were obtained by fitting the decay phases of
CF-EPSCs with single exponentials (Llano et al., 1991).
The data from mutant mice were divided into two groups,
those from monoinnervated PCs and those from multiply
innervated PCs. In the latter group, measurements were
done on the first step of multiple CF-EPSCs that appeared
with the lowest stimulus intensity. Both the 10%-90% rise
time and the decay time constant were similar among the
three cell groups listed in Table 1. On the other hand, the
average amplitudes of CF-EPSCs of the mutant multiply
innervated PCs were less than 50% of the amplitudes of
monoinnervated PCs taken from either mutant or wild-type
mice when measured at a holding potential of —20 mV
(Table 1). The amplitudes of the latter two groups were
not significantly different (Table 1). These results indicate
that kinetics of CF-EPSCs in the mutant mice are normal.
Short-term historic effects, reflected as the response to
the second stimulus of a pulse pair, are one important
aspect of synaptic function. It has been reported that CF-
EPSCs display a depression to the second stimulus of a
pulse pair (Konnerth et al., 1990). In both monoinnervated
and multiply innervated mutant PCs, CF-EPSCs showed
prominent paired pulse depression (Figure 4A). During

Figure 2. Electron Micrographs of the Molecu-
lar Layer of the PKCy Mutant and Wild-Type
Cerebella

Cerebella are from PKCy mutant (A) and wild-
type (B) mice. Asterisks indicate presynaptic
terminals, while arrowheads indicate postsyn-
aptic dendritic spines. Scale bar, 1 um.

both P22-P35 and P50-P70, the amplitudes of paired
puise depression were not significantly different from
those of the monoinnervated PCs from the wild-type mice
at all interpulse intervals tested (Figure 4). Thus, short-
term synaptic plasticity is unimpaired at CF synapses in
the mutant mice. Paired pulse synaptic plasticity is pre-
sumably caused by a change in transmitter release from
presynaptic terminals (Zucker, 1989). Therefore, the pres-
ent results suggest that presynaptic functions of CF termi-
nals are unimpaired in the mutant mice.

During both P22-P35 and P50-P70, the current-volt-
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Figure 3. Multiple CF Innervation of PCs in Mature Mutant Mice

(A) EPSCs elicited by stimulation of CFs in the granule cell layer in a
wild-type PC (P25) and a mutant (P23) PC. As the stimulus intensity
was gradually increased, CF-EPSCs of the wild-type cell behaved in
an all-or-none fashion, while those of the mutant cell had three discrete
steps, indicating that at least three CFs innervate this mutant PC.
Stimuli were applied at 0.1 Hz. Holding potential was —20 mV for the
wild-type PC and —30 mV for the mutant cell.

(B) Summary histograms showing the number of discrete steps of
CF-EPSCs of the wild-type (open columns) and mutant (stippled col-
umns) PCs. Data obtained from mice at postnatal day 22-35 (P22-
P35, left) and at PS0-P70 (right), respectively. Note that nearly all
wild-type PCs had only one step, while a substantial percentage of
mutant PCs had more than two steps, at both P22-P35 (left) and at
P50-P70 (right). Numbers of tested PCs at P22-P35 (lefty are n = 34
(from 6 wild-type mice, 19 cells studied blind to the mouse genotype)
and n = 71 (from 10 mutant mice, 34 cells studied blind). Those at
P50-P70 (right) are n = 33 (from 3 mice, 26 cells studied blind} and
n = 32 (from 3 mice, all cells studied blind).
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Table 1. Kinetics of CF-EPSCs and PF-EPSCs

10%-90% Decay Time
Rise Time Constant Amplitude?
Genotype (ms) (ms) (PA, Vh = —20 mV)
CF-EPSC
Wild type (mono) 05+ 01(n = 14) 6.7 = 25(n = 14) 1310 = 555(n = 8)
Mutant (mono) 05 = 0.1(n = 13) 68 £ 1.5(n = 13) 1518 + 470(n = 7)
Mutant (multi)® 0.5 = 0.1(n = 13) 64 = 35(n = 13) 599 + 310(n = 11)
PF-EPSC Wild type 1.4 £ 0.3 (n = 16) 13.0 £ 29 (n = 16)
Mutant 1.2 + 0.2(n = 15) 121 = 3.1 (n = 15)

All data are expressed as mean + SD and sample size.

@ Amplitudes of CF-EPSCs were measured at the holding potential (Vh) of —20 mV.

® Only the first step of muitiple CF-EPSPs was used for analysis.

age (I-V) relations of CF-EPSCs were linear in the wild-
type monoinnervated (Figure 5A), the mutant monoinner-
vated (Figure 5B), and the mutant double-innervated
(Figure 5C) PCs. It should be noted that, in the mutant
double-innervated PCs, both the first and second steps
of CF-EPSCs showed linear current-voltage relations and
similar reversal potentials (Figure 5C). This indicates that
EPSCs elicited by each of the two CFs are based on the
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Figure 4. CF-EPSCs Display Normal Short-Term Synaptic Plasticity
in the Mutant PCs

(A) CF-EPSCs to pairs of stimuli separated by 20 ms in a wild-type
monoinnervated PC (top, P25), a mutant monoinnervated PC (middle,
P25), and a mutant double-innervated PC (bottom, P25). Three to five
traces were superimposed. Note that the responses to the second
stimuli were markedly depressed in all traces. Stimulus pairs were
applied at 0.1 Hz. Holding potentiai was —20 mV, except for the cell
in the bottom panel (-30 mV).

(B) Summary graphs showing paired-pulse depression of CF-EPSCs in
the wild-type monoinnervated (open circles), mutant monoinnervated
(closed circles), and mutant multiply innervated (closed triangles) PCs
from mice at P22-P35 (top) and P50-P70 (bottom). The second re-
sponse (expressed as percentage of response to the first puise, mean
+ SEM) is plotted as a function of interpulse intervals. Stimulus pairs
were applied at 0.1 Hz. Numbers of tested PCs at P22-P35 (top) are
n = 13 (from & mice, 6 cells studied blind) for the wild-type (mono),
n = 14 (from 7 mice, 4 cells studied blind) for the mutant (mono), and
n = 21 (from 7 mice, 9 cells studied blind) for the mutant (multi). Those
at P5S0-P70 (bottom) are n = 9 (from 3 mice} for the wild-type (mono),
n = 12 (from 4 mice) for the mutant (mono), and n = 9 (from 3 mice)
for the mutant (multi). All cells were studied blind to the mouse geno-
type for the data at P50-P70.

same ionic mechanism. Furthermore, CF-EPSCs in both
the wild-type and mutant mice during P22-P35 were not
affected by an N-methyl-p-aspartic acid (NMDA) blocker,
DL-2-amino-5-phosphonopentanoate (AP5, 100 uM), but
were totally suppressed by a non-NMDA antagonist, 6-
cyano-7-nitroguinoxaline-2,3-dion (CNQX, 10 uM) (data
not shown). These results indicate that CF-EPSCs of ma-
ture PCs from the wild-type and mutant mice are exclu-
sively mediated by non-NMDA subtypes of glutamate re-
ceptors.

CF Innervation during Early Postnatal Days

These results indicate that adult PKCy mutant mice exhibit
normal presynaptic function and postsynaptic receptor
pharmacology at CF-PC synapses. In contrast, innerva-
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Figure 5. Current-Voltage Relations of CF-EPSCs Are Normal in
PKCy Mutant Mice

Single CF-EPSCs recorded at holding potentials of —40 mV, -20 mV,
0 mV, 20 mV, and 40 mV (left) and corresponding current-voltage
relations of CF-EPSCs (right) in a wild-type monoinnervated PC (A,
P25), a mutant monoinnervated PC (B, P25), and a mutant double-
innervated PC (C, P70).
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Figure 6. Early Postnatal Development of CF Innervation

(A, left) CF-EPSCs of the wild-type (P1, holding potential —-60 mV) and
mutant (P1, holding potential -60 mV) PCs. One to three traces each
were superimposed at threshold intensities. Stimuli were applied at
0.1 Hz.

(A, right) Summary graph showing numbers of multiple steps of CF-
EPSCs of the wild-type (open columns) and mutant (stippled columns)
PCs from mice at P1-P7. Numbers of tested PCs are n = 42 (from
8 wild-type mice, 7 cells studied blind) and n = 52 (from 10 mutant
mice, 14 cells studied blind).

(B) Similar to (A), but examples of CF-EPSCs of the wild-type (P12,
holding potential —10 mV) and mutant (P8, holding potential —60 mV)
PCs and summary graph of the data from mice at P8-P14. Numbers
of tested PCs are n = 82 (from 13 wild-type mice, 30 cells studied
blind) and n = 106 (from 17 mutant mice, 44 cells studied blind).
(C) Similar to (A) and (B), but examples of CF-EPSCs of the wild-type
(P17, holding potential ~20 mV) and mutant (P15, holding potential
—30 mV) PCs and summary graph of the data from mice at P15-P21.
Numbers of tested PCs are n = 70 {from 5 mice, 11 cells studied
blind) and n = 41 {from 4 mice, 31 cells studied blind).

tion of PCs by CFs is abnormal in that a substantial per-
centage (41%) of PCs continues to be innervated by multi-
ple CFs in adult mice. This abnormality may arise from
either augmented CF innervation during early postnatal
days or impaired CF elimination in a subsequent period,
or both. To examine these possibilities, we followed the
developmental course of CF innervation during the first
three postnatal weeks.

We observed that during the first postnatal week (P1-
P7), the majority of PCs were multiply innervated by CFs in
both wild-type and mutant mice (Figure 6A). In particular,
more than one-third of PCs were innervated by more than
four CFs in both strains of mice. However, the frequency
distribution of the number of CF-EPSC steps per PC in
the mutant mice was not significantly different from that
in the wild-type mice (p > 0.05, ¥° test).

During the second postnatal week (P8-P14), the per-

centage of PCs with multiple CF-EPSC steps decreased
markedly in both wild-type and mutant mice (Figure 6B),
although about 50% of PCs were still multiply innervated
in each strain. The difference between the frequency distri-
butions of PCs during P1-P7 and those during P8-P14
were highly significant for both the wild-type and mutant
mice (p < 0.001, %2 test). On the other hand, the distribu-
tions were not significantly different between the two
strains during P8-P14 (p > 0.05, ¥® test).

During the third postnatal week (P15-P21), the percent-
age of PCs with multiple CF-EPSC steps further de-
creased in the wild-type mice (Figure 6C). In contrast, no
further decrease was observed during the same period in
mutant mice (Figure 6C). When the data in Figure 6 are
compared with those in Figure 3, we notice that the aver-
age percentage of PCs with multiple CF-EPSC steps fur-
ther decreased from the third postnatal week (P14-P21)
to the fourth postnatal week (p < 0.01, x? test). The data
suggest that the adult pattern of monoinnervation is not
established until the end of the third postnatal week. in
the mutant mice, the percentage of PCs with multiple CF-
EPSC steps during the fourth postnatal week remains at
the level (about 40%) reached during the previous week
(p > 0.05, %2 test).

These results indicate that CF innervation of the mutant
mice during early postnatal days (P1-P14) appears nor-
mal. In the wild-type mice, progressive decrease of the
percentage of multiply innervated PCs continues during
P15-P21, while this process appears to be lacking in the
mutant mice. These results suggest that synapse elimina-
tion process that occurs during the third postnatal week
is specifically impaired in the mutant mice. Thus, in terms
of CF-PC connections, mutant cerebella seem to remain
immature throughout adult life, namely at the stage of the
second postnatal week.

NMDA Receptors Are Not Involved in

CF-EPSCs of Immature Mice

A previous study showed that the elimination of supernu-
merary CFs during cerebellar development requires acti-
vation of NMDA receptors in the cerebellum (Rabacchi et
al., 1992). However, itis unclear whether NMDA receptors
on PCs or those on other types of cells are involved in
this process. Thus, we examined the effects of AP5 (100
tM) on CF-EPSCs in both monoinnervated and multiply
innervated PCs that were sampled in immature wild-type
(Figure 7A) and mutant (Figure 7B) mice. CF-EPSCs were
little affected by AP5 in any of these cases, but were totally
suppressed by CNQX (10 uM) (Figures 7A and 7B), dem-
onstrating that CF-EPSCs in the immature wild-type and
mutant mice are mediated exclusively by non-NMDA re-
ceptors. Thus, although NMDA receptor activation ap-
pears to be required for the elimination of supernumer-
ary CFs during cerebellar development (Rabacchi et
al., 1992), CF-PC transmission is not involved in this
process.

PF-Mediated EPSCs Are Normal
The nature of EPSCs elicited by stimulation of PFs, the
other major excitatory input to PCs, was examined intrans-
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Figure 7. Pharmacology of CF-EPSCs in Immature PCs

(A) CF-EPSCs of a monoinnervated wild-type PC (left, P11, holding
potential 0 mV) and a double-innervated wild-type PC (right, P9, hold-
ing potential —60 mV).

(B) CF-EPSCs of a monoinnervated mutant PC (left, P9, holding poten-
tial —20 mV) and a double-innervated mutant PC (right, P8, holding
potential —60 mV).

Note that, in all of the cells, CF-EPSCs were little affected by a specific
NMDA receptor antagonist, AP5 (100 pM), but were totally blocked
by a non-NMDA receptor antagonist, CNQX (10 uM). In all records, the
perfusate was Mg2*-free ringer containing 10 uM glycine to maximize
NMDA receptor-mediated currents. AP5 and CNQX were bath ap-
plied. Stimuli were repeated at 0.1 Hz. Three to five traces each were
superimposed at threshold intensities. Holding potential was —60 mV,
except for the mutant in (B) (-70 mV).

verse cerebellar slices from mice at P18-P26. In both wild-
type and mutant PCs, PF-EPSCs were little affected by
AP5 (100 uM), but were totally suppressed by CNQX (10
uM) (Figure 8A). These resuits confirm that both CF-
EPSCs and PF-EPSCs in PCs are mediated exclusively
by non-NMDA receptors (Llano et al., 1991).

PF-EPSCs of both wild-type and mutant PCs displayed
prominent facilitation to the second of a stimulus pair (Fig-
ure 8B), as previously reported (Konnerth et al., 1990; Aiba
et al., 1994). The amplitudes of paired pulse facilitation
in the mutant mice (Figure 8B, closed circles) were not
significantly different from those of the wild-type mice (Fig-
ure 8B, open circles) at all interpulse intervals tested.
Thus, presynaptic functions of PF terminals appear to be
unimpaired in the mutant mice.

Discussion

Persistent Multiple CF Innervation in PKCy
Mutant Mice
The present study demonstrates that multiple CF innerva-
tion persists in a substantial percentage of cerebellar PCs
in PKCy mutant mice. On the other hand, CF-EPSCs ap-
pear normal in many aspects, such as paired pulse depres-
sion (Figure 4), current-voltage relations (Figure 5), time
course, and pharmacology (Table 1). These results indi-
cate that properties of the presynaptic terminal and the
postsynaptic membrane of CF-PC synapses are normal
in the mutant mice.

Regression of multiple CF innervation appears to prog-
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Figure 8. PF-EPSCs Are Normal in the Mutant PCs

(A) PF-EPSCs of a wild-type PC (left, P23) and a mutant PC (right,
P26). Note that PF-EPSCs were little affected by AP5 (100 uM), but
were totally suppressed by CNQX (10 uM). The perfusate was Mg?-
free ringer containing 10 uM glycine, and AP5 and CNQX were bath
applied. Stimuli were repeated at 1 Hz. Each trace is the average of
ten consecutive EPSCs. Holding potential was —60 mV.

(B) Paired-pulse facilitation of PF-EPSCs in the wild-type (open circles,
n = 11 from 10 mice, 3 cells studied blind) and mutant (closed circles,
n = 8 from 6 mice, 6 cells studied blind) PCs. The second response
(expressed as percentage of response to the first pulse, mean + SEM)
is plotted as a function of interpulse intervals. Stimulus pairs were
applied at 1 Hz. Insets show example of PF-EPSCs to pairs of stimuli
separated by 50 ms in transverse cerebellar slices from wild-type (P25)
and mutant (P21) mice. Each trace is the average of ten consecutive
EPSCs. Holding potential was —60 mV.
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ress in at least two distinct steps. In the rat and probably
alsointhe mouse, dendrites of PCs have not yet developed
by the end of the first postnatal week. At this timepoint, a
hypertrophied apical cone and lateral processes are seen
around the soma, and the latter structure is contacted by
multiple CFs (Altman, 1972). Within the first, few days of
the second postnatal week, the dendrites grow, and as
they appear, the somatic processes and the CF synapses
onto them start to disappear. This is the first step of the
regression of CF innervation. The CFs are then displaced
upward to form synaptic contacts on the growing dendrites
(O’Leary etal., 1971; Palay and Chan-Palay, 1974). During
the second 10 days of the postnatal life, the dendritic tree
of PCs develops dramatically, and PFs form synaptic con-
tacts on dendritic spines. The number of synaptic contacts
from CFs on the dendrites increases and, in a coordinated
fashion, the number of CFs innervating each PC continues
to decrease. This is the second step of the regression of
CF innervation.

Our results indicate that regression of muitiple CF in-
nervation occurs normally in the PKCy mutant mice during
the second postnatal week, butis greatly diminished there-
after. This suggests that the first and second steps of the
regression of CF innervation is mediated by different
mechanisms and that PKCy is critically involved only in
the second step. This latter suggestion is consistent with
the observation that PKCy expression in the cerebellum
reaches a maximal level during the third postnatal week
(Yoshida et al., 1988; Huang et al., 1990; Nishizuka, 1988).

Comparison with Other Mutants with

Muitiple CF Innervation

It was previously reported that multiple CF innervation per-
sists in the cerebella of adult animals that are devoid of
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granule cells during early postnatal development (Crepel,
1982). Previous animal models include rats in which gran-
ule celis have been destroyed by X-irradiation (Woodward
etal., 1974; Crepel and Delhaye-Bouchaud, 1979), weaver
mutant mice in which granule cells die during their migra-
tion (Crepel and Mariani, 1976), and reeler mice in which
some PCs are devoid of synaptic contacts with granule
cells (Mariani et al., 1977). The multiple innervation also
persists in staggerer mutant mice, in which granule cells
develop normally, but then degenerate without making
synaptic contacts with PCs (Crepel et al., 1980; Mariani
and Changeux, 1980). Thus, the presence of granule cells
and PF-PC synaptogenesis appear to be essential for the
regression of multiple CF innervation of PCs.

Recently, multiple CF innervation of PCs was reported in
mutant mice deficient in 82 subunit of glutamate receptors
(GluR82) (Kashiwabuchi et al., 1995). In GluR&2 mutant
mice, the gross morphology of the cerebellum appears
normal, and PCs appear to develop normally with well-
branched dendrites and spines. Moreover, PF-PC trans-
mission is functional. However, inspection by electron mi-
croscopy showed that the number of synaptic contacts
from PFs onto dendritic spines of PCs are less than half
of that of wild-type mice (Kashiwabuchi et al., 1995). Thus,
it is likely that the observed multiple innervation in the
GluR382 mutant mice is a result of insufficient PF inputs,
consistent with the earlier mutant studies. In addition,
GluR&2 may also have an effect on CF elimination that
does not involve PF inputs. In contrast with these pre-
viously described mutants, the PKCy mutant mice exhibit
no abnormalities in PF-PC synapses that are detectable
with morphological or electrophysiological methods.

Role of PKCy in the Elimination of Multiple

CF Innervation

There is substantial data indicating that, within the cere-
bellum, PKCy expression is limited to PCs (Huang et al.,
1990; Ase et al., 1988; Hidaka et al., 1988; Kose et al.,
1988; Kitano et al., 1987; Brandt et al., 1987). Huang et al.
(1990) demonstrate that throughout postnatal cerebellar
development, PKCy is present only in PCs and not in gran-
ule cells or other cell types. Linden et al. (1992) recapitu-
late this result in cerebellar neuronal cultures. There is
one report claiming that PKCy mRNA is detectable in gran-
ule cells of the developing cerebellum (Herms et al., 1993).
However, it is not clear how specific the hybridization
probe was for PKCy in this study. We recently reexamined
this issue using a different hybridization probe whose
specificity for the PKCy isoform was demonstrated. We
confirmed that PKCy mRNA is restricted to PCs in the
developing cerebellum (our unpublished data).

There is also evidence that PKCy is absent from the
inferior olive, where CFs originate. No PKCy mRNA is ob-
served in the inferior olive of adult rats (Brandt et al., 1987).
We recently observed similar results with postnatal day
21 rats (our unpublished data). Furthermore, PKCy protein
is undetectable in the rat medulla oblongata, where the
inferior olive is situated (Huang et at., 1987).

We propose that the deficiency in the elimination of mul-
tiple CF innervation in PKCy mutant mice is due to the

lack of this kinase in PCs. This proposal is based on the
observations that no physiological or anatomical alterna-
tions are detectable in PC or CF pathways of PKCy mutant
mice, and the expression of PKCy is limited to PCs among
the neurons that participate in these pathways. We cannot
exclude the possibility that PKCy deficiency elsewhere,
such as in the cerebral cortex or hippocampus, leads indi-
rectly to deficient CF synapse elimination. However, there
is no evidence that suggests the participation of these
structures in the elimination of multiple CF innervation. We
also cannot exclude the possibility that PKCy expressed at
levels below the detection limit is crucially involved in CF
elimination. To address this point, we intend to generate
mutant mice in which PKCy is deficient uniquely in PCs.

If PKCy in PCs is crucially involved in the elimination
of multiple CF innervation, whatiis its role? PCs are physio-
logically and anatomically unaltered in the PKCy mutant
mice, so it is unlikely that the PKCy deficiency leads to a
pleiotropic defect in PCs. Previous data from other mutant
mice (see above) have suggested that PF-PC synapses
are required for CF synapse elimination. We propose that
activity in the PF—-PC pathway signals the elimination of
multiple CF innervation in an activity-dependent, heterosy-
naptic fashion. We suggest that PKCy transduces this sig-
nal. It has been hypothesized that the elimination of CF
innervation results from competitive multiple interactions
among CFs for a limiting factor (Crepel, 1982), such as
a neurotrophic factor, and that PF-PC activity fuels this
competition. Perhaps, PKCy is in one or both of the bio-
chemical cascades that reside downstream of the PF-PC
or CF-PC (or both) activities.

In one study, NMDA receptors have been implicated in
the regression of multiple CF innervation. Rabacchi et al.
(1992) reported that multiple innervation persists to a sig-
nificant extent in rats chronically treated with the NMDA
receptor antagonist AP5. The authors suggest that NMDA
receptors, present on PCs, granule cells, or both, are in-
volved in the elimination of multiple CF innervation. Tran-
sient expression of NMDA receptors on developing PCs
is controversial (Watanabe et al., 1994; Akazawa et al.,
1994). Furthermore, we do not observe an NMDA receptor
component to either PF-EPSCs or CF-EPSCs in immature
cerebellum, as might be expected if NMDA receptors in
PCs played a role in synapse elimination. In contrast, ex-
pression of NMDA receptors is well established in granule
cells (Watanabe et al., 1994; Akazawa et al., 1994). There-
fore, if NMDA receptors play a role in the elimination of
multiple CF innervation, it may be through an indirect
mechanism involving granule cells. This is consistent with
the aforementioned data linking synapse elimination to
the presence of granule cells or the formation of PF-PC
synapses.

Experimental Procedures

Production of PKCy Mutant Mice

PKCy mutant mice were produced as described previously (Abeliovich
et al., 1993a). Both wild-type and mutant mice utilized were of 129/
Sv x C57BLJ6 genetic background and were kept in the same room,
at the animal facility of the Massachusetts Institute of Technology,
with a 12 hr light-dark cycle.
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Histology

Under deep anesthesia with chloral hydrate (350 mg/kg body weight,
intraperitoneally), mice at the fifth postnatal week were perfused from
the left ventricle of the heart with freshly prepared 4% paraformalde-
hyde in 0.1 M sodium phosphate buffer (pH 7.2). The brain was quickly
removed from the skull and immersed in the same fixative overnight.
Parasagittal brain sections of 50 and 100 um in thickness were pre-
pared by a Cryostat (Bright) or by a microslicer (Dosaka), respectively.
Cryostat sections mounted on gelatin-coated slides were Nissl-stained
with toluidine blue. Microslicer sections were immunostained with rab-
bit anti-rat spot 35/calbindin antibody (Yamakuni et al., 1984). Follow-
ing visualization with ABC kit (Vector Labs), the sections were treated
with 0.5% OsO, for 15 min to enhance the immunostaining.

Electron Microscopy and Morphometry

For electron microscopy, mice in the fifth postnatal week were perfused
from the heart with 0.5% glutaraldehyde and 4% paraformaldehyde
in 0.1 M sodium cacodylate buffer (pH 7.2). After sectioning at a thick-
ness of 400 um by a microslicer in the parasagittal plane, sections
through the midline of the cerebellum were chosen and immersed in
the same fixative for 4-6 hr. The sections were postfixed for 2 hr with
1% Os0,in 0.1 M sodium cacodylate buffer (pH 7.2), dehydrated using
graded alcohols, and embedded in Epon 812. Silver-gold ultrathin
sections through the culmen (lobule 4+5) were collected on copper
grids and stained with 1% uranyl acetate for 5 min and mixed with
lead solution for 2 min.

From each mouse, ten sets of electron micrographs were prepared,
each set being composed of 6-15 micrographs taken serially from the
deepest region of the molecular layer up to the pial surface, at an
original magnification of 3,000 x with a Hitachi H7100 electron micro-
scope. For quantitative measurements, the number of synaptic profiles
was counted for each set of electron micrographs printed at a final
maghnification of 11,400 x . The counted neuropil area, which excludes
vessels, cell bodies, and dendritic shaft thicker than 2 um in caliber,
was measured by the point-counting method of Weibel (1979), using
the double lattice system. The mean synaptic number per 100 um?
was calculated for each mouse from the synaptic number and the
counted neuropil area.

Electrophysiology
Cerebellar slices were prepared from the wild-type and mutant mice
as described previously (Edwards et al., 1989; Llano et al., 1991; Kano
and Konnerth, 1992; Aiba et al., 1994). Cerebellar slices of 200-300
um thickness were cut with a vibroslicer (Campden) and kept at 32°C
for at least 1 hr in a chamber containing standard saline (see below)
that was bubbled with 95% O, and 5% CO.. One slice was then trans-
ferred to a recording chamber where it was continuously perfused
with the oxygenated standard saline. Recognition of layers within the
cerebellar cortex and identification of PCs were easily achieved on
slices when viewed using a 40 x water immersion objective attached
to a Zeiss upright microscope (Axioscope) (Edwards et al., 1989; Llano
etal., 1991). All experiments were performed using whole-cell configu-
ration of the patch—clamp technique with borosilicate pipettes {resis-
tance of 3-6 MQ when filled with an intracellular solution; see below).
lonic currents were recorded with an EPC-9 patch-clamp amplifier
(HEKA) and stored on a DAT data recorder (Sony, PC204) for later
analysis. The pipette access resistance was compensated as ex-
plained by Llano et al. (1991). Stimulation and on-line data acquisition
were performed using the PULSE program on a Macintosh computer
(version 7.5, HEKA). The signals were filtered at 3 kHz and digitized
at 20 kHz. Fitting of the decay phases of EPSCs was done with the
PULSE-FIT program (version 7.5, HEKA). For stimulation of CFs and
PFs, a glass pipette with 5-10 um tip diameter filled with standard
saline was used. Square pulses (duration, 0.1 ms; amplitude, 0-100
V for CF stimulation, 1-10 V for PF stimulation) were applied for focal
stimulation.

The composition of standard saline was 125 mM NaCl, 2.5 mM KCl,
2 mM CaCl,, 1 mM MgSO,, 1.25 mM NaH.PO,, 26 mM NaHCO;, and
20 mM glucose, which was bubbled continuously with a mixture of
95% O, and 5% CO.. Bicuculline (10 mM) was always present in the
saline to block spontaneous inhibitory postsynaptic currents (Konnerth
etal. 1990; Kano et al., 1992). The standard pipette solution contained
60 uM CsCl, 30 uM Cs D-gluconate, 20 pM BAPTA, 4 uM MgCl,, 4

uM ATP, and 30 uM HEPES (pH 7.3, adjusted with CsOH). In experi-
ments for measuring PF-EPSCs, a K-based pipette solution was used
(30 mM KCI, 90 mM K p-gluconate, 4 mM MgCl,, 4 mM Na-ATP, 0.4
mM Na-GTP, and 50 mM HEPES [pH 7.3, adjusted with KOH]). Alt
experiments were carried out at a bath temperature of 32°C.
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